Removal of pentachlorophenol by spent mushroom compost & its products as an integrated sorption and degradation system. by Wai, Lok Man. & Chinese University of Hong Kong Graduate School. Division of Biology.
Removal of Pentachlorophenol by Spent Mushroom Compost & its 
Products as an Integrated Sorption and Degradation System 
by 
WAI Lok Man 
A Thesis Submitted in Partial Fulfillment 
of the Requirements for the 
Degree of Master of Philosophy 
in 
Biology 
• The Chinese University of Hong Kong 
July, 2003 
The Chinese University of Hong Kong holds the copyright of this thesis. Any person(s) intending to use a 
part or whole of the materials in the thesis in a proposed publication must seek copyright release from the 
Dean of the Graduate School. 
二V 2 9 m. r�丨 i | | 
\激\ LiM^/ 一/r 爛 
THESIS COMMITTEE: 
Prof. S.W. Chill (Supervisor) 
Prof. T. Viraraghavan (External Examiner) 
Prof. H.Y. Chung (Internal Examiner) 
Prof. L.M. Chu (Internal Examiner) 
Acknowledgements 
At the beginning of this thesis, I would like to take an opportunity to thank those 
people who had given me support during my graduate study. First of all, I would like 
to express my gratitude to Prof. S.W. Chin, my supervisor, for her invaluable 
suggestions, encouragement and support in my research study. Also I am greatly 
indebted to Prof. H.Y. Chung and Prof. L.M. Qui, the internal examiners, for giving 
valuable comments on my research and their evaluation on this thesis. Furthermore, I 
would sincerely appreciate Prof. T. Viraraghavan for serving as my external 
examiner and giving valuable comments on my thesis. My appreciation is extended 
to Mr. Patrick C.M. Tang, Thomas Tang, William Ho and Ms. Jessie Lee for their 
technical assistance. Moreover, I am also grateful to the friends in the laboratory, 
who include Miss. Jessica Yau, Carmen Ho, Peggy Lee, Lopaka Ma, Gong Jun, 
Elman Law, Com Chan, Mr. Pui Wang, Colin Lau and many others, for their spiritual 
support and enthusiasm. Special thanks are also given to Mr. Lin Ting Pong and Miss. 
Vivien Luk. Their advice is important to smoothing my laboratory work and thesis 
writing. Last but not least, I would like to express my greatest gratitude to my family 
for their continuous support. 
i 
Abstract 
Pesticides have been widely applied to control pests and in agriculture such 
chemicals was used to protect crops and guarantee yield for human consumption 
since 1950s. Residues of many pesticides could still be found in the natural 
environment due to their high persistency. Many conventional treatments are being 
employed and exploited. However, most of them are expensive and may not solve all 
environmental problems perfectly. The goal of this study is to investigate and 
evaluate an integrated system of biosorption and biodegradation to remove one of the 
common pesticide residue, pentachlorophenol (PCP), from the water system by spent 
mushroom compost (SMC) of Pleurotus pulmonarius and its product. PCP has been 
used worldwide as a biocide but banned for general use owing to its non-specific 
toxicity towards organisms by affecting ATP generation. While soil and sediment are 
the ultimate sink of PCP, this solid matrix reduces bioavailability too. In contrast, the 
solubilized PCP in an aquatic system exerts its ecological toxicity. 
SMC of P. pulmonarius contained 34% organic matter and high contents of nutrients 
such as potassium, calcium, nitrate, phosphate as well as trace to nil amounts of 
heavy metals. It also comprised of 25% chitin which is a major component of fungal 
cell wall and attributed significantly to its adsorption potential. By FT-IR, many 
functional groups such as carboxyl, carbonyl, hydroxyl groups were found on the 
SMC. 
According to the results obtained, the parameters of incubation time, solution pH, 
shaking speed, temperature, PCP concentrations and bio sorb ent amount greatly 
ii 
influenced the performance of biosorption. The equilibrium of PCP adsorption on 
SMC was found in the first 30 minutes and showed a single-phase process. Since 
molecular PCP was favorable for adsorption, the removal efficiency (RE) by SMC 
was enhanced at lower pHs. Higher shaking speed also improved RE with provision 
of more energy for collisions between SMC and PCP. Increased temperature can 
reduce PCP adsorption and it implied the interaction between PCP and SMC was 
held by hydrogen bonding. Higher PCP concentrations gave a better RE and RC as 
more adsorb ate molecules were available. However, an increased amount of SMC 
just led to higher RE but not RC since the binding sites were unsaturated. Five times 
of sorption-desorption cycles did not affect the RE of SMC. Thus the SMC, a waste 
from mushroom industry, showed promise in serving as sorbent for PCP and the 
removal capacity was comparable to those of chitin/chitosan which are purified 
forms derived from exoskeleton of crustaceans. 
To completely degrade PCP adsorbed onto SMC, biodegradation by two 
microorganisms, a PCP-degrading bacterium indigenous in SMC and fungus P. 
pulmonarius, the mushroom of the SMC, were assessed. PCP-degrading bacterium 
isolated from SMC was identified and confirmed as Serratia marscesens by three 
common and reliable bacterial identification methods, BIOLOG multiwell plate 
C-utilization test, MIDI cellular fatty acid profile analysis and sequencing of 16S 
rDNA. Eighty percent of PCP could be degraded by S. marscesens in 14 days. 
Shaking provided better growth of bacterium and led to higher REs. Complete 
removal was attained within 4 days at optimized PCP concentrations and bacterial 
inoculum size. However, growth of S. marscesens seemed to be inhibited 
significantly at PCP concentrations greater than 100 mg/Kg. Degradation of PCP 
involved dechlorination, methylation and ring cleavage. Organic breakdown 
i l l 
intermediates detected by GC-MSD were tetrachlorophenol, butylated hydrotoluene 
and aliphatic ester. 
On the other hand, P. pulmonarius was inoculated to the SMC in the form of 
colonized compost. Complete degradation of PCP was detected in day 9, and at least 
80% REs were obtained at various PCP concentrations as high as 300 mg/Kg. Little 
or no inhibition to P. pulmonarius was observed at even such high PCP concentration. 
Detection of methoxyphenol, tetrachlorophenol and aliphatic esters/alcohols by 
GC-MS indicated dechlorination, carboxylation and ring cleavage were involved in 
PCP degradation by 尸 pulmonarius. 
Pleurotus pulmonarius performed better than S. mar sees ens. At the optimised 
condition, the reaction mixture after treatment with P. pulmonarius did not reveal 
toxicity as quantified by Microtox test. Therefore, the combination of biosorption 
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1.1.1 Applications of pentachlorophenol 
Pentachlorophenol (PCP) (Figure 1.1a) is a chlorinated phenol and has been widely 
used as a pesticide in agriculture (Crosby, 1981; Webb et al., 2001) due to its low 
cost and non-specific toxicity towards different organisms (Cauntu et al,, 2000). 
Usage of PCP was first introduced by C. Chabrolin in the USA in 1936 for timber 
preservation and used as a herbicide in 1940 (Hayes & Laws, 1991). It was used for 
the control of termites and for protection against fungal attack and wood-boring 
insects in timber. The sodium salt, sodium pentachlorophenolate (Figure Lib), was 
used as a molluscicde (Hayes & Laws, 1991). The applications of wood preservative 
are for utility poles, cross arms, fence posts and accounted for 90% industrial PCP 
consumption in 1983 (http://www.epa.gov.). The United States Environmental 
Protection Agency (USEPA) has registered the use of PCP as an insecticide, 
herbicide, molluscide, algicide, disinfectant, and as an ingredient in antifouling paint 
(http://www.epa.gov.). Owing to its high toxicity (Section 1.1.4), its use as a 
pesticide ingredient was banned in the United States (U.S.A.) and European Union 
(EU) (i.e., Austria, Belgium, Finland, Germany, the Netherlands, Sweden and the 
United Kingdom) in 1987 and 1991 respectively (http://www.epa.gov.； Muir & 
Eduljee, 1999). Consumption of PCP in United States was 2.3 x 10^ kg and 2.5 x 10^  
kg at EU in 1980s. As PCP is still allowed to be used in some industrial applications, 
1.24 X 105 and 4.26 x 10^ kg PCP were consumed in United States and EU 
respectively (Hattemer-Frey & Travis, 1989; http://www.nsc.org.; 











Figure 1.1 Chemical structures of (a) pentachlorophenol and (b) sodium 
p entachlorophenolate. 2 
1.1.2 Characteristics 
PCP is a white organic solid with needle-like crystals and a phenolic odor (Hayes & 
Laws, 1991; http://www.epa.gov.). The technical product is a mixture of 
pentachlorophenol and tetrachlorophenol, but it also contains about 5% other 
polychlorophenols and traces of polychlorinated dibenzo-p-dioxins (PCDDs), 
polychlorinated dibenzofurans (PCDFs) and polychlorobenzenes (Hayes & Laws， 
1991; Litchfield & Rao, 1998). The physico-chemical properties of PCP are shown in 
Table 1.1. With high boiling point and low vapor pressure, PCP is not readily volatile. 
Its hydrophobicity makes it probably insoluble in water, but well dissolve in most 
organic solvents instead (Hayes & Laws, 1991). As PCP is a weak acid with pKa of 
4.74, the degree of dissociation is pH-dependent. It presents mainly in its molecular 
form when pH < 4.74, but dissociates into an ionic form, phenolate ion (Equation 1.1) 
when pH is greater than 4.74. Thus at alkaline condition, PCP has a higher water 
solubility (Arcand et al., 1994; Muir & Eduljee, 1999). Only 1 % of PCP appeared as 
ionized form at pH 2.7 and 99 % ionized at pH 6.7 (Crosby et al., 1981). 
C6HCI5O — CeClsO' + H+ Equation 1.1 
1.1.3 Pentachlorophenol in the environment 
The environmental fate of PCP is of great concern by its toxicity (Section 1.1.4) and 
recalcitrance in nature (Wang et al., 2000; Cort et al., 2002). PCP may be released to 
the environment as a result of its manufacture, storage, transport, or use as an 
industrial wood preservative through illegal discharge, accidental spillage, flooding 
or runoff from wood treated areas (Pignatello et al., 1983; http://www.epa.gov.). 
Releases of PCP to soil can be decreased in concentrations by slow biodegradation 
3 
Table 1.1 Physical and chemical, and organoleptic properties of 
pentachlorophenol (PCP) and sodium pentahclorophenolate (NaPCP) 
(http: //www.epa.gov.). 
PCP Na-PCP 
Boiling point 310°C --
Relative molecular mass 266.4 288.3 
Melting point 191°C --
Density (g/cm^) 1.987 2 
Vapor pressure at 20°C kPa (mm Hg) 2 x 10'^  (1.5 x l O ’ 6.7 x 10'^  (5 x 10'^) 
w-octanol/water partition 4.84 (pH 1.2); ~ 
coefficient (log P) 3.56 (pH 6.5); --
3.32 (pH 7.2); --
3.86 (pH 13.5) --
Dissociation constant (pKa) 4.74 ~ 
Solubility in water (g/L) 
0�C, pH5 0.005 --
20�C, pH5 0.014 --
30°C, pH5 0.020 --
20°C, pH7 2 --
20�C, pH8 8 --
20°C, pHlO 15 --
25°C 14 > 200 
Solubility in organic solvents 
(g/100 mL) at 25°C 
acetone 50 35 
benzene 15 insoluble 
ethanol (95%) 120 65 
ethylene glycol 11 40 
isopropanol 85 25 
methanol 180 25 
4 
by indigenous microorganisms and leaching into groundwater. PCP has a tendency to 
adsorb to soil and sediment at a Koc (organic carbon partitioning coefficient) of 
3,000-4,000. Adsorption to soil and sediment seems to be pH dependent with 
stronger interaction under acidic conditions (Jacobsen et al., 1995; Viraraghavan & 
Slough, 1999; Wang et al., 2000). PCP is naturally biodegraded but degradation 
requires several weeks for acclimation. Half-life of PCP in soil ranges from weeks to 
months with approximately 178 days (Larson et al.’ 1997). 
Leaching of a chemical through the soil is interrelated with factors such as adsorption, 
water solubility of the substance, soil type, moisture, and pH. Leaching is an 
important means of transport for PCP. Substantial quantities of PCP are found in 
waters leaching from contaminated sites. For example, 2.05 and 3.35 mg PCP/L were 
detected in groundwater from a wood preservation plant and water seeping from a 
landfill (Lampi, 1990). 
Once released to water, PCP will adsorb to sediment and undergo slow 
photodegradation and biodegradation (Shim & Kawamoto, 2002). Moderate vapor 
pressure suggests that PCP evaporated from water surface is not rapid. As mentioned 
before, movement of PCP in soil and sediment depends on the pH. When pH > 4.74, 
PCP is released from the water body. It is reported that 99% PCP presents as its ionic 
form at pH 6.7 (Hu et al., 1998; Viraraghavan & Slough, 1999; Wang et al., 2000). 
As the pHs in marine water and freshwater water are around 7.6, PCP can be readily 
desorbed from the sediment (Muir & Eduljee, 1999). The half-life in water system is 
up to 200 days (Larson et al., 1997). In addition, PCP can also be accumulated by 
aquatic or terrestrial organisms through uptake from the surrounding 
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PCP-contaminated water or soil and biomagnified along the food web (WHO, 1987; 
Mollah & Robinson, 1996a). 
It was postulated that chlorines at the 3 or 5 meta position were sterically hindered 
from enzymatic dehalogenation (Lithchfield & Rao，1998) and thus PCP is deemed 
as a persistent pesticide whatever in soil or water system as its half-life are over 100 
days (Biiyulsonmez et al., 1999). Owing to its high persistency, its presence can be 
detected in freshwater, freshwater sediment, marine environment and marine 
sediment (Muir & Eduljee, 1999; Cauntii et al., 2000). In a survey on environmental 
PCP level in EU done by Muir & Eduljee (1999), it was found that environmental 
PCP contamination in France was seriously higher than the predicted no effect 
concentrations (PNEC) among the European countries. There were 3.3 "g/L, 63 
/xg/Kg and 179 /ig/Kg of PCP detected in freshwater, freshwater sediment and 
suspended matter respectively (Muir & ；Eduljee, 1999). The PNEC is shown in Table 
1.2. The average and maximum PCP concentrations in ditches near wood treatment 
site were 500 and 2500 mg/L respectively (Muir & Eduljee, 1999). 
1.1.4 Toxicity of Pentachlorophenol 
PCP can enter the body through skin, respiratory and gastrointestinal tracts (WHO, 
1987; lARC, 1991; Wester et al., 1993; Yuan et al., 1994). PCP interferes the energy 
metabolism by uncoupling oxidative phosphorylation (Kozak et al., 1979; Hayes & 
Laws, 1991; Muir & Eduljee，1999). Uncoupling activity is brought after altering the 
enzyme activities in glycolysis (Bolton & Ho, 1997) and Calvin cycle (Jorens & 
Schepens, 1993; Muir & Eduljee, 1999) and alter the electrical conductivity of 
membranes by dissipating the proton gradient, resulting in inhibition of ATPase，and 
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with the reduction of ‘cell currency', other enzymes are indirectly affected, e.g. yS 
-galactosidase (McAllister et al., 1996). Consequently, it enhances the oxygen 
consumption and catabolism of stored lipids (Muir & Eduljee, 1999). Thus, less 
energy is available for essential maintenance and growth in cell and finally menaces 
the survivorship of target organisms (Muir & Eduljee, 1999). 
The reported oral LD50 values range from 27 to 221 mg/Kg of body weight in rats 
(IARC, 1991; Kamrin, 1997). PCP is accordingly classified as category I, highly 
acute toxic for its active ingredient in pesticides under the toxicity ranking by 
USPEA. Table 1.3 shows the criteria for rating the toxicity of pesticides. PCP is 
verified to be fetotoxic (Schwetz et al., 1978; Welsh et al., 1987), causing reductions 
in the number of offspring, neonatal body weight, neonatal survival and delayed fetal 
development on the experimental animals (Schwetz et al., 1978). 
Acute PCP poisoning in humans elicits central nervous system disorders, dyspnoea, 
and hyperpyrexia, leading to cardiac arrest. In addition to metabolic, respiratory, and 
central nervous effects, other clinical features such as skin, renal, and gastrointestinal 
effects are also being found (Jorens & Schepens, 1993). Under the consideration of 
carcinogenicity, sufficient evidence by International Agency for Research on Cancer 
(IARC) reveals that PCP is a group B2 tetratogen (probable human carcinogen) 
(Cauntu, 2001). Table 1.4 shows the categorization of chemicals on carcinogenic 
potential. The estimated minimal lethal dose in humans has been calculated to be 29 
mg/Kg of body weight (IARC, 1991). 
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Table 1.2 Predicted no effect concentrations (PNEC) on different environmental 
conditions (Muir & Eduljee, 1999). 
Sodium Pentachlorophenol 
pentachloropnenolate 
Marine waters (/xg/L) 1.0 1.0 
Marine sediments (/xg/Kg) 25 25 
Freshwaters (/xg/L) 1.0 1.0 
Freshwater sediments (fig/Kg) 25 25 
Suspended matter (fig/Kg) 15 15 
Table 1.3 Criteria for rating active ingredients of pesticides under the USEPA 
acute toxicity ranking system (Ma et al., 2002b). 
Category PAN* Narrative rating Warning Oral LD50 (mg/Kg) for rats 
I Highly toxic Danger <50 
II Moderately toxic Warning 50-500 
III Slightly toxic Caution 500-5,000 
IV Not acutely toxic None > 5,000 
*PAN denoted Pesticides Action Network. 
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Table 1.4 Categorization of chemicals on carcinogenic potential maintained by 
the USEPA Office of Pesticide Programmes (OPP) in 1996 (Ma et al., 
2002a). 
Category Description 
A Known to cause human carcinogen 
B Probable human carcinogen 
--B1 Sufficient evidences from animal studies but limited in humans 
—B2 Sufficient evidences from animal studies by inadequate or no data 
in humans 
C Possible human carcinogen 
D Not classified as human carcinogen 
E Probably not carcinogenic 
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1.2 Treatments of Pentachlorophenol 
As PCP is shown to have high toxicity and persistency as described above, different 
degrees of impact have been brought to the environment by its contamination. Owing 
to this reason, PCP is on the U.S. and European Lists of Priority Pollutants for 
Remediation Treatment (Sittig, 1981; Semple et al., 2001). Various remediation 
methods to remove PCP from aqueous phase were under studies. Three main 
processes involved are physical, chemical and biological treatments. 
1.2.1 Physical treatment 
Physical treatment for contaminated water provides a simple and effective 
remediation method that is widely applied in the environment (Fong, 2001). Using 
activated carbon to decontaminate water is a traditional clean-up method and 
recommended by the USEPA (Mollah & Robinson, 1996a; Vidal, 1998; Wang et al., 
2000). Common commercial activated carbons are made of coal, wood or coconut 
shell and produced by a two-step process called carbonization and activation 
(Edgehill & Lu, 1998). Carbonization produces micropores with low surface area by 
heating the raw material at 500-1000°C in the presence of nitrogen. It is followed by 
exposure to high temperature gases to increase the surface area of micropores 
through activation (Edgehill & Lu, 1998). Activated carbon is shown to have high 
efficiency (>98%) in removing PCP from aqueous solution (Mollah & Robinson, 
1996a; Thome & Jeimiaux, 1997; Hu et al., 1998). However, the regeneration 
process of activated carbon is time-consuming and expensive, only thermal 
desorption at high temperature (800°C) is applicable (Wang et al., 2000). 
Furthermore, deterioration of function pores in adsorption activity decreased its 
efficiency (Chan, 2002). Thus, repeated use of activated carbon is not favorable 
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(Danis，1998; Edgehill & Lu，1998). Besides, only translocation of PCP from liquid 
to solid phase does not readily solve the problem and post-treatment is also required 
(Vidal, 1998; Chiu et al, 1998). A thermal process allows direct destruction of PCP 
into its elemental forms. Although incineration of PCP-contaminated water is not 
applicable, PCP-contaminated soil or even post-treatment of PCP after adsorption by 
activated carbon is combusted. Nevertheless, more toxic substances such as 
polychlorinated dibenzo-p-dioxins or polychlorinated dibenzofumas (PCDD/F) are 
generated as a result of condensation of precursors (e.g. PCP) when the operating 
temperatures are between 300°C and 600°C (Everaert & Baeyens, 2002). 
Photolysis is another conventional wastewater treatment for both degradation and 
disinfection. An irradiation of ultra-violet source, usually in the range of 200-280 nm, 
is employed to oxidize PCP (Ho & Bolton, 1997). High energy supplied was able to 
cleave the chemical bonds (Fong, 2001). However, generation of highly toxic 
intermediates such as PCDD/F which are even more harmful than PCP was reported 
in some studies (Choudhry & Hutzinger, 1982; Vollumth et al., 1994). 
1.2.2 Chemical treatment 
Generally, organopollutants such as PCP can be effectively degraded by chemical 
treatment in a non-specific way (Freeman, 1998). The common step in degrading 
organopollutants involves oxidation by using various oxidizing agents such as ozone, 
hydrogen peroxide, ferrous iron (Pignatello et al., 1998; Hong & Zeng, 2002). The 
crucial procedure of these oxidation processes is the generation of strong oxidizing 
agents (Equations 1.2 &L3). Hydroxyl radicals can effectively oxidize a variety of 
organopollutants non-specifically (Hong & Zeng, 2002; Engwall et al., 1998). 
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Advanced oxidation processes (AOPs) are widely developed in recent years in order 
to achieve higher degradation efficiency by producing more hydroxyl radicals (• OH) 
(Equations 1.4-1.6). An energy source such as ultraviolet, visible light or even 
sunlight is usually employed in AOPs to produce strong oxidizing agents (Akgerman 
& Alnaizy, 2000). The non-selective reaction of AOPs allows mineralization of 
various organic pollutants, e.g. PCP, PCDDs, polychlorinated biphenols (PCBs), etc. 
(Bellobono et al., 1997; Hong & Wang, 1999; Hentunen et al,, 2000). The 
electrophilic hydroxyl radicals attack PCP readily at the ortho- and para- positions 
which have a lower steric hindrance (Ayllon et al., 2001). 
Photocatalytic oxidation (PCO) belonging to AOPs is also a novel technology against 
water pollution. With the addition of a photocatalyst, which is a semiconductor oxide, 
functioning to increase the reaction rate, PCO offers a superior degradation than 
using AOPs solely (Jardim et al., 1997; Fong, 2001). Semiconductors that have been 
used in environmental applications include titanium dioxide (TiO�)，strontium 
titanium trioxide, and zinc oxide (ZnO). TiO? is generally preferred because of its 
high level of photoconductivity, ready availability, low toxicity, and low cost. TiO� 
exhibits photoconductivity when illuminated by an energy source having an energy 
level that exceeds the TiOi band gap energy level of 3.2 eV. A light of wavelength 
shorter than 387.5 nm is required for TiO: to excite an electron from the valence 
band to conduction band (Equation 1.7). When an electron in the valence band 
excited into the conduction band, a hole is left in the valence band. The combination 
of the electron in the conduction band (e'cs) and the hole in the valence band (h+vB) 
is referred to as an electron-hole pair which is involved in the formation of oxidizing 
agents. At the TiO� surface, the holes react with either H2O or OH' from water 
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dissociation to form • OH (Equations 1.8 & 1.9). An additional reaction may occur if 
the electron in the conduction band reacts with O2 to form superoxide ions (O2 •") 
(Equation 1.10). The O2 • "can then react with H2O to provide additional • OH, OH", 
and O2 (Equation 1.11 & 1.12). The successive reactions supply oxidizing species 
continuously to degrade pollutants in a simultaneous way. Although a wide range of 
contaminants can be degraded within a short time, it is not cost-effective when 
dealing with low concentrations of a contaminant (Chan, 2002). 
2O3 + H2O2 + 2 • OH + 3O2 Equation 1.2 
Fe(II) + H2O2 Fe(III) + (0H') + • OH Equation 1.3 
O3 + hv + H2O H2O2 + O2 Equation 1.4 
H2O2 + Av ^ 2 • OH Equation 1.5 
Fe(III)(0H)2+ + Fe(II) + • OH Equation 1.6 
Ti02 + e'cB + h+vB Equation 1.7 
h+vB + H2O — • OH + Equation 1.8 
h+vB + 0H" -> • OH Equation 1.9 
e'cB + O2 今 O2 • Equation 1.10 
2O2 • _ + 2H2O -> H2O2 + 20H' + O2 Equation 1.11 
H2O2 + e"cB — OH" + • OH Equation 1.12 
1.2.3 Biological treatment 
Bioremediation is a pollution control technology that uses biological systems to 
catalyze the degradation or transformation of various toxic chemicals to less harmful 
forms by microorganisms such as bacteria, fungi or yeasts (Alexander, 1994; Laine 
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& J0rgensen, 1997). The application of bioremediation has received much attention 
in recent years in virtue of its low cost and less harm to the environment (Wang et al., 
2000; Reddy & Gold, 2000; Webb et al., 2001). Remediation of chlorinated organic 
pollutants such as PCP is also popular (Guiot, 1994). Biodegradation and biosorption 
are two major mechanisms involved in the bioremediation (Alexander, 1994). The 
general approaches to bioremediation are to enhance natural biodegradation by 
native organisms (intrinsic bioremediation) through addition of nutrients or aeration 
(bio stimulation), or microorganisms (bio augmentation). Unlike conventional 
technologies, bioremediation can be carried out on-site (Alexander, 1994). However, 
the process is relatively slow compared with the chemical treatment processes. 
1.3 Biodegradation 
Biodegradation can be defined as any process mediated by enzyme systems 
possessed by living organisms that result in the conversion of organic materials into 
less complex substances or even water and carbon dioxide (mineralization). 
Degradation of PCP by a variety of organisms has been described. Bacteria and fungi 
are mainly recorded. 
1.3.1 Biodegradation of PCP by bacteria 
Chlorinated organic compounds can be degraded by bacteria through three types of 
metabolic processes: 1) the compound is utilized as a sole carbon and energy source 
for the bacterium, 2) the compound serving as a non-growth substrate can be 
degraded by co-metabolic processes, or 3) the compound was used as a secondary 
substrate as the concentration of original substrate is too slow to support microbial 
growth (Adriaens & Vogel, 1995). It cannot be denied that the most favorable 
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process for biodegradation purpose would be the first type. Bacteria using PCP as a 
sole carbon and energy source has been reported (Table 1.5). For most 
PCP-degrading bacteria, PCP degradation starts with the PCP 4-monooxygenase 
catalyzed oxygenolytic conversion into 2, 3, 5, 6-tetrachlorohydroquinone (TeHQ). 
Then, subsequent dechlorination via tri- and di- into monohydroquinone which is 
catalyzed by TeHQ reductive dehalogenase was found. The succeeding procedure 
was ring cleavage by the action of dioxygenase. 3-oxoadipate was finally generated 
and then went into TCA cycle for further degradation into carbon dioxide and water 
(Figure 1.2) (McAllister & Trevors, 1996). This complete mineralization of PCP 
involving oxidation and reductive dehalogenation procedures has been reported for 
Arthobacter sp., Pseudomonas sp., Flavohacterium sp., Rhodococcus sp., and 
methanogens (Lithfield & Rao, 1998). Another degradation pathway of PCP was 
found by Rhodococcus chlorophenolicus which is quite different. PCP was 
hydrolytically dechlorinated at the para position by cytochrome P-450 to produce 
TeCH. This metabolic pathway can also yield similar intermediates such as 1, 2, 
4-trichlorobenzene which was probably subsequently mineralized (Figure 1.3) 
(Agteren et al., 1998). 
1.3.2 Biodegradation of PCP by white-rot fungi 
White-rot fungi are a physiological or functional group of fungi rather than 
taxonomic classification. This term describes those fungi which can degrade lignin in 
wood and leaving a white appearance to the substrate after lignin removal (Kirk & 
Farrell, 1987). The ability to catabolize lignin by white-rot fungi is regarded as the 
possession of extracellular ligninolytic enzymes (Reddy, 1995). Three main 
ligninolytic enzymes consisting of two glycosylated heme-containing peroxidase, 
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Table 1.5 Bacteria that are able to degrade pentachlorophenol. 
Specie Reference 
Arthobacter sp. Litchfield & Rao, 1998 
Bacillis subtilis Litchfield & Rao, 1998 
Elodea Canadensis Pignatello et al., 1983 
Flavobacterium sp. Litchfield & Rao，1998 
Mycobacterium chlorophenolicum Brandt et al., 1997 
Potamogeton crispus Pignatello et al” 1983 
Pseudomonas cepacia Litchfield & Rao, 1998 
Rhodococcus chlorophenolicus Litchfield & Rao, 1998 
Saccharomonospora virdis Webb et al., 2001 
Vibrio succinogenes Litchfield & Rao, 1998 
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Figure 1.2 Degradation pathway of pentachlorophenol (PCP) by PCP-degrading 
bacteria (modified from McAllister & Trevors, 1996). 
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Figure 1.3 The proposed pathway for degradation of PCP under aerobic 
conditions (modified from Agteren et al” 1998). 
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lignin peroxidase (LiP) and manganese peroxidase (MnP), and a copper-containing 
phenoloxidase, laccase (Lac), are identified (Eggert et al., 1996). In the presence of 
hydrogen peroxide, LiP catalyzes the oxidation of an endogeonous redox mediator 
veratryl alcohol to generate aryl cation radicals that can carry out demethylation, 
hydroxylation, carbon-carbon bond cleavage and benzolic alcohol oxidation (Reddy, 
1995). MnP functions by catalyzing H202-dependent oxidation of Mn(II) to Mn(III), 
and the latter mediates the oxidation of lignin-like phenolic substrates (Archibald et 
al., 1997). Self-production of H2O2 by MnP is also feasible from reductase such as 
glutathione using oxygen as an oxidant (Reddy, 1995) (Figure 1.4). Laccase utilizes 
molecular oxygen to oxidize phenolic compounds to phenoxy radicals. Radicals are 
also generated from low-molecular-mass redox mediator such as 
1 -hydroxybenztriazole (HBT) and 2, 2-azino-bis(3-ethylebzothiazoline-6 sulfonic 
acid) (ABTS). Natural mediator, 3-hydroxyanthranilic acid, is found with 
laccase-producing white-rot fungus Pycnoporus cinnabariuns (Pointing et al., 2000a). 
Unlike MnP, oxidation by laccase is an H202"independent reaction (Rajarathnam et 
al., 1998) (Figure 1.5). 
As the mode of action in lignin degradation by these ligninolytic enzymes is via the 
generation of radicals, this reaction is highly non-specific (Stahl & Aust, 1998; 
Pointing, 2001). Thus, a wide variety of chemicals can be degraded by ligninolytic 
enzymes such as pesticides, munitions waste, polychlorinated biphenyls, synthetic 
dyes, etc. (Table 1.6). Using white-rot fungi for bioremediation of contaminated sites 
has been first proposed in the mid 1980s; A white-rot fungus, Phanerochaete 
chrysosporium, could degrade several organic pollutants such as dioxin, 
benzo(a)pyrene and polychlorinated biphenyls (Bumpus, 1998). The degradation 
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Figure 1.4 Action mechanism of manganese peroxidase (MnP). MnP oxidizes 
Mn (II) to Mn (III). Mn(III) will then react with bidentate organic 
acid chelators such as malonate to form a complex capable of 
oxidizing phenolic residues in lignin (modified from Archibald et al., 
1997). OX (oxidized state). 
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Figure 1.5 Action mechanism of (a) laccase and (b) laccase via a mediator 
(modified from Breen & Singleton, 1999). OX (oxidized state). 
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Table 1.6 Chemicals that can be degraded by fungal ligninolytic enzymes. 
Ligninolytic enzyme Chemical Reference 
Lignin peroxidase Beiizo[a]pyrene Haemmerli et aL, 1986 
1, 4-dimethoxybenzene Kesten et al., 1985 
Crystal violet Bumpus & Brock, 1988 
Pentachlorophenol Hammel & Tardone, 1988 
Manganese peroxidase Pentachlorophenol Okeke et aL, 1994 
Phenols Duran & Esposito, 2000 
Phenanthrene Hammel et al., 1992 
2, 4-dichlorophenol Valli & Gold, 1991 
4, 4'-dihydroxybiphenoyl Valli & Gold, 1991 
Laccase Pentachlorophenol Ullah et aL, 2000 
Polyaromatic hydrocarbons Eggen, 1999 
Synthetic dyes Rodriguez et al., 1999 
2,6-dimethoxyphenol Trejo-Hwenandez et al., 
2001 
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ability of white-rot fungi against a wide range of chemicals is surmised as the action 
mechanism of enzymatic attack rather than structural similarity to lignin 
(Rajarathnam et al., 1998; Stahl&Aust, 1998). 
A lot of studies on biodegradation of chlorophenols have been conducted with white 
rot fungi. MnP, LiP and Lac are involved in fungal oxidation of chlorophenols 
(Agteren et al, 1998). The degradation pathway of 2, 4, 5-trichlorophenol by 
Phanerochaete chrysosporium was initially under peroxidase-catalyzed oxidative 
dechlorination to 2, 5-dichloro-l, 4-benzoquinone by LiP or MnP (Valli & Gold, 
1991). It was then reduced to 2，5-dichloro-l, 4-dihydroxybenzene. Afterwards, 
tetrahydroxybenzene was generated after two cycles of oxidative dechlorination 
catalyzed by MnP and reduction (Valli & Gold, 1991). All chlorine atoms were 
removed by a series of reactions before ring cleavage. Malonic acid was produced 
when tetrahydroxyb enzene was intracellularly and oxidatively ring-cleaved. This 
straight chain acid was subsequently mineralized into carbon dioxide (Valli & Gold, 
1991) (Figure 1.6). 2, 4, 5-trichlorophenol (TrCP) could also be mineralized as 
similar as trichlorophenol through conventional oxidative dechlorination and 
oxidation. Besides, methylation was involved and seemed to be a crucial step in 
degradation pathway as methylation of phenol would provide a substrate for the 
peroxidases to oxidize to cation radicals (Stahl & Aust, 1998) (Figure 1.6). 
Pentachlorophenol was widely studied among the chlorophenols. Mineralization of 
PCP into carbon dioxide was also observed by P. chrysosporium (Lin et al., 1990). 
TeHQ was also found to be a metabolite in the degradation of PCP and some 
tetrachlorophenols by this fungus as well as in some bacterial systems (McAllister & 
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Figure 1.6 The proposed pathway for the mineralization 2, 4, 5-TrCP and 2, 
4-DCP by the fungus F. chrysosporium (modified from Agteren et al., 
1998). 
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Pentachloroanisole (PCA) was generated after methylation of PCP, which is 
thenoxidized to a cation radical susceptible to dechlorination, hydroxylation and ring 
cleavage (Lamar & Dietrich, 1990). 
1.4 Biosorption 
Adsorption is a treatment method for removing contaminants from gaseous or liquid 
phases by chemical or physical attachment to a solid phase (Dabrowski, 1999; 
Watson, 1999). In this process, there is a change in concentration at the interface 
between two phases (Masel, 1996). The solid substrate on which adsorption occurs is 
called the adsorbent while the adsorbed material is the adsorbate. Biosorption is 
simply adsorption using biological adsorbent (biosorbent) instead of synthetic 
adsorbent. Almost all biological materials can be used as biosorbents, e.g. peat 
(Viraraghavan & Slough, 1999), bagasse pith (Mckay et al., 1988), red mud 
(Namasivayam & Arasi, 1997), moss (Lee & Low, 1987), biogas residue 
(Namasivayam & Yanuna, 1995), orange peel (Namasivayam et al., 1996), activated 
sludge (Wang et al., 2000), and bark (Lu & Edgehill, 1998). Nearly all cell structures 
are basically consisted of proteins, fatty acids, and mono/polysaccharides 
(Dabrowski, 1999; Watson, 1999). These macromolecules contain potential binding 
sites, e.g. amino group (-NH2), acidic group (-COOH), aldo group (-CHO), keto 
group (CO-), hydroxyl group (-0H), which are probably provision for adsorbates. 
Besides these biological materials, biomass from microorganisms are also a good 
choice for biosorption. Microorganisms usually have fast growth rates and high 
surface area to volume ratios which favor the adsorption process. They can be living 
or dead biomass of algae, bacteria, fungi and yeast (Bell & Tsezos, 1987; Banks & 
Parkinson, 1992; Brandt et al., 1997; Schiewer & Volesky, 2000). Aksu (1998) 
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suggested that dead microbial cells perform better than living cells. Bell and Tsezos 
(1987) also found that higher uptake of pollutants was observed by dead Rhizopus 
arrhizus than live R. arrhizus. Dead cells might not be affected by the toxic effect of 
high concentrations of pollutants. Furthermore, absence of metabolic protection 
against cellular transport of pollutants can increase cell membrane permeability (Bell 
& Tsezos, 1987). However, two years later, Bell and Tsezos (1999) found that living 
activated sludge adsorbed better than dead activated sludge. This phenomenon was 
supported by Brandt who showed that PCP adsorption by dead cells of 
Mycobacterium chlorophenolicum was better than live cells (Brandt et al., 1997). 
Until now, Wang suggested that it is impossible to generalize the relative magnitude 
between living and dead biomass, the nature of adsorbent and adsorb ate should be 
considered instead (Wang et al., 2000). 
A good adsorbent should have a high capacity towards target adsorbate, favorable 
kinetics, small particle size, efficient regeneration and cost effectiveness (Schiewer & 
Volesky, 2000). Biosorption not only provides a fast remediation method to prevent 
further spreading of pollutants and to concentrate the pollutant for further treatment, 
but also allows reduction of the remediation cost (Wang et al., 2000). As most 
bio sorb ents are relatively of lower cost when compared with activated carbon, 
application of biosorption for pollutants has received increasing attention in recent 
years (Wang et al., 2000). Furthermore, regeneration of biosorbents is easier than 
activated carbon by just increasing the solution pH (DiVincenzo & Sparks, 1997). 
PCP-adsorbed bacterium, M. chlorophenolicum, can be completely desorbed at 
solution pH 8.0 (Brandt et al., 1997). Therefore, biosorbents are a competent 
adsorbent compared with commercial activated carbon with regard to their 
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availability and cost (Viararaghavan & Slough, 1999). Table 1.7 shows the 
biosorption of different pollutants by sorbents. 
Biosorption, the same as adsorption, can result either from the van der Waals 
universal interactions (physical adsorption or physisorption) or chemical process 
(chemical adsorption or chemisorption) (Masel, 1996; Watson, 1999). The selectivity 
of an adsorbent is strongly connected to its infra-microcrystalline structure. It 
consists of micro crystallites linked together by the surface functional organic groups 
(Watson, 1999). Adsorption occurs by the donor-acceptor complexation mechanism 
where atoms of the surface functional groups donate electrons to the adsorb ate 
molecules (Dabrowski, 1999). The position of these functional groups on the 
adsorbent surface determines the type of adsorbate/adsorbent bond and therefore 
decides whether the process is physisorption or chemisorption (Masel, 1996). In 
physisorption, van der Waals and physical bonds are produced. This process is 
reversible, and the system has a low heat of adsorption. As it is a nonspecific process 
with no electron transfer, sorb ate polarization is more likely to occur (Schiewer & 
Volesky, 2000). Contrary to physisorption, chemisorption only takes place if the 
adsorbent is capable of forming a chemical bond with the adsorbent. It involves ionic 
or covalent bond formation, requires high energy, and is irreversible. It is a highly 
specific reaction that is possible over a wide range of temperatures while 
physisorption occurs at lower temperatures (Schiewer & Volesky, 2000). Due to its 
irreversibility, monolayer is expected to form in chemisorption whereas multiplayer 
is encountered in physisorption. However, most adsorption processes is accounted 
for physisorption (Masel, 1996). 
A lot of biosorbents have potential for removing PCP from industrial discharge and 
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Table 1.7 Biosorption by different sorbents. 
Pollutants Biosorbents Reference 
Phenol Papermill sludges Petronio et al., 2002 
Bark Edgehill & Lu, 1998 
Aspergillus niger biomass Rao & Viraraghavan, 2002 
Dyes Apple pomace and Robinson et al., 2002 
wheat straw 
Aspergillus niger biomass Fu & Viraraghavan, 2002 
Phanerochaete Fu & Viraraghavan, 2001 
chrysosporium 
Tinctoporia sp. 
Shrimp shell Juang et al., 2001 
Heavy metals Mucor rouxii biomass Yan & Viraraghavan, 2001 
Marine algae Schiewer & Volesky, 2000 
Others 
Monochlorophenols Dried activated sludge Aksu & Yener, 2001 
Hydrogen sulfide Compost and sludge Shojaosadati & Eiyasi, 1999 
Organochlorine Chitosan Thome & Jeuniaux, 1997 
Polyurethane Flavobacterium sp. Koms et al., 1994 
Pentachloronitrobenzene Fungal mycelia Seigle-Murandi et ciL, 1996 
Pentachlorophenol Peat and bentonite mixture Viraraghavan & Slough, 
1999 
Anaerobic sludge Kennedy & Pham, 1995 
Bark Edgehill & Lu, 1998 
Mycobacterium Brandt et al, 1997 
chlorophenolicum 
Activated sludge biomass Wang et al., 2000 
Chitin and chitosan Rhee et al., 1998 
Soil Divincenzo & Sparks, 1997 
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preventing dispersal of accidental spillage. Several studies have been reported more 
than 90% PCP could be removed by biosorbents at low contaminated levels within a 
few hours (Brandt et al., 1997; Viararaghavan & Slough, 1999; Wang et al., 2000). 
1.5 Proposed Strategy 
Although different treatment methods have their own merits, no one can meet all the 
needs that a remediation required. A good remediation process should be fast, 
efficient, economic and environmentally friendly. Chemical processes are fast, 
efficient but not economic and environmentally friendly; Biodegradation is economic 
and environmentally friendly but relatively slow. Biosorption is fast, economic and 
efficient but post-treatment is required. It seems that application of one treatment 
method solely cannot fulfill all requirements. A combination of biosorption and 
biodegradation to remediate PCP is proposed in this study. Biosorption is a fast and 
efficient way to concentrate PCP and prevent spreading of sudden spillage. The 
problem of post-treatment is then taken over by biodegradation. This integrated 
system can complement to each other and fulfill the requirements that a remediation 
needs. 
1.6 Spent Mushroom Compost 
1.6.1 Background 
Spent mushroom compost (SMC), also known as spent mushroom substrates (SMS), 
is a solid by-product left behind after mushroom cultivation (Chong & Rinker, 1994). 
The substrates used for mushroom cultivation depend on the types of mushrooms 
produced. They can be straw, sawdust, cotton waste or even horse manure. 40 million 
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tons of SMCs were generated worldwide in 1999 (Chiu et al., 2000). About 75-80% 
SMC produced was landfilled (Semple et al., 1998). However, various potential uses 
of SMC have been reported (Table 1.8). The exploitation of potential uses of SMC 
could also reduce a major solid waste disposal problem. SMC has been proposed to 
degrade PCP directly in water system owing to the ligninolytic enzymes immobilized 
in the solid waste even after the harvest of the mushroom and the residual diverse 
microbial flora (Ching, 1997; Chiu et al, 1998; Law, 2001). Nevertheless, the 
removal efficiency may be hindered to the adsorption effect of PCP on SMC and thus 
less PCP is available to enzymes attack. Furthermore, SMC only provided limited 
amounts of enzymes. The proposed approach in using SMC as a biosorbent and a 
source of PCP-degrading bacterium and fungus can complement this inadequacy. 
1.6.2 Physico-chemical properties of SMC 
SMC is high in organic matter such as cellulose, hemicellulose and lignin, making it 
desirable for use as a soil conditioner or soil amendment (Kuo & Regan, 1992). Its 
high nitrogen, phosphorus and potassium (NPK) contents and slow release of 
nutrients allow it to be an excellent soil conditioner. Alteration of physical properties 
of soil such as infiltration rate, water holding capacity, bulk density, permeability and 
aeration are also suitable when it is applied as a soil amendment. Table 1.9 shows the 
physico-chemical properties of SMC of Agaricus bisporus. 
1.6.3 As a biosorbent 
In this study, the feasibility and efficiency of using SMC as a biosorbent to remove 
PCP from water system were assessed. The contribution by fungal biomass on the 
SMC makes it possible to be a biosorbent. Fungal biomass has been investigated to 
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Table 1.8 Potential uses of spent mushroom composts. 
Potential use Reference 
Bioremediating agent Ching, 1997 
Degradation of PCP Chiu et al., 1998 
Okeke et al., 1993 
Energy feedstock Williams et al., 2001 
Degradation of carbamate Kuo & Regan, 1998 
Adsorption of odor Shojaosadati & Elyasi, 1999 
Table 1.9 Physical and chemical properties of SMC of Agaricus bisporus (Kuo 
& Regan, 1998). 
Wet Basis Values 
Total water content % 60.5 
Total solid % 39.5 
Organic matter % 19.8 




TP % 0.558 
K % 1.82 
Ca% 14.6 
Cu mg/kg 30 
Ni mg/kg 117 
Pb mg/kg 91 
Zn mg/kg 72 
Cr mg/kg 84 
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adsorb dyes and heavy metals from wastewater (Kapoor & Viraraghavan，1995; Fu & 
Viraraghavan, 2001; Yan & Viraraghavan，2001; Viraraghavan & Kapoor, 2002). It is 
reported that SMC contains about 25 % chitin (Law, 2001), which is the constituent 
of fungal cell wall and the second most common polysaccharide in the world (Hwang 
et al” 2000). Chitin has been employed in wastewater treatment to remove heavy 
metals (George & Martin, 2000). Removal of PCP was also shown to be effective 
(Thome & Jeuniaux, 1997; Chan, 2002). 
1.6.3.1 Factors affecting biosorption 
Adsorption mechanisms involved complex interactions between adsorbates and 
adsorbents. It is well known that physico-chemical conditions may greatly affect the 
adsorption behavior (Viraraghavan & Slough, 1999; Kao et al, 2000; Wang et al., 
2000). Understanding of these parameters is important to improve the adsorption 
efficiency. In my study, effects of solution pH, retention time, initial adsorbate 
concentration, concentration of biosorbent, incubation temperature and agitation rate 
were investigated. 
1.6.3.2 Contact time 
Adsorption is generally regarded as a fast process with a rapid initial step followed 
by a slow second step in a biphasic action mechanism (Bell & Tsezos, 1987; 
Kennedy & Pham, 1995; DiVincenzo & Sparks, 1997). Most of the adsorbate is 
adsorbed during the first step which is contributed by intraparticle diffusion, i.e. 
surface diffusion (Slaney & Bhamidimarri, 1998). Second step involves interparticle 
diffusion by mass transport into the adsorbent particles and intrap article diffusion for 
the low adsorbate concentration left in the solution (Slaney & Bhamidimarri, 1998). 
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Viraraghavan and Slough (1999) found that PCP was adsorbed by a peat-bentonite 
mixture rapidly within the first hour (about 80 % removal) and showed a subsequent 
and gradual decrease until 8 hours. Equilibrium time, the minimum amount of time 
required to establish a change of less than 5 % of solute concentration defined by the 
USPEA (Virarghavan & Slough，1999), is usually chosen as the retention time. 
1.6.3.3 Initial pH 
Previous studies have been shown that the pH of the solution plays a significant 
effect on adsorption whatever for metal ion (Volesky, 1999), dye (Fu & Viraraghavan， 
2001) or organic compounds (Kao et al., 2000; Calace et al., 2002; Rao & 
Viraraghavan, 2002). PCP adsorption is also reported to be strongly influenced by pH 
(Jacobsen et al., 1995; Brandt et al., 1997 & 1999; Viraraghavan & Slough, 1999; 
Wang et al., 2000). pH primarily affects the degree of ionization of phenolic 
compounds such as PCP and the surface properties of the biosorbent. As mentioned 
in Section 1.1.2, PCP is a weak acid and proton donors, that at pH > pKa (pKa of PCP 
=4.74), the concentration of the negatively charged phenolate (PCP ) increases. 
While PCP is present as the neutral form when pH < pKa. It can be observed that 
anions are favorably adsorbed on the surface of adsorbents at low pH because the 
presence of hydrogen ions renders the surface active for the adsorption of cations 
(Jacobsen et al., 1995). The adsorption rate of PCP seems to be higher at decreasing 
pH value (Viraraghavan & Slough, 1998). An explanation that appears more 
reasonable is that the increase in sorption observed at decreasing pH values may be 
caused by alternations in the sorbent surface, particularly its electrokinetic character, 
with changing hydrogen ion concentration (Calace et al., 2002). As pH was lowered, 
and positively charged binding site attracted negatively charged phenolic group on 
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molecular PCP (Jacobsen et al.’ 1995; Calace et al., 2002). As the pH increased, 
however, the overall surface charge on the cells became negative and repelled with 
the negatively charged phenolate, bioadsorption decreased (Viraraghavan & Slough， 
1998; Calace et al, 2002). 
Adsorption behavior of PCP can also be described by adsorb ability. Logarithm of 
octanol-water partition coefficient (log Pqw) characterizes the adsorb ability of ionized 
and neutral forms of PCP (Danis et al., 1998; Hu et al., 1998). 
Pow = ([HA]o + [A']o) / ([HA]w + [A']w) Equation 1.13 
where the subscripts o and w is the octanol and water phases respectively; and [HA: 
and [A"] are the concentrations of the neutral and ionic form of PCP respectively. 
Danis reported that the value of log 尸。w (HA) is 5.1 whereas log Pow (A) is 1.5 (Danis 
et al., 1998). Hydrophobicity of neutral PCP is approximately 4 times more than that 
of ionized PCP. Neutral PCP at low pH is more readily adsorbed on organic 
adsorbents such as SMC. 
1.6.3.4 Concentration ofbiosorbent 
The effect of bio sorb ent concentration on adsorption behavior is quite interesting. 
The percentage of the PCP removal increased with an increasing amount of 
biosorbent. It is not surprising that the removal efficiency (RE) of adsorbate 
increased as more biosorbents were provided. Nevertheless, the amount of PCP 
adsorbed per unit mass of biosorbent decreased (removal capacity, RC) with the 
increasing biomass concentration (DiVincenzo & Sparks, 1997; Wang et al., 2000). 
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Meanwhile, RC usually increases significantly at the lowest biosorbent concentration 
and decreases gradually with an increasing biosorbent concentration. It was expected 
that the RC will remain unchanged regardless of increasing the biosorbent 
concentration. It seems that the amount of PCP adsorbed per unit mass of biosorbent 
is independent to the amount of biosorbent. Unsaturation of binding sites on 
adsorbent can explain the drop in RC (Wang et al., 2000). Interactions between 
adsorbates such as direct interaction between adjacent adsorbed molecules or indirect 
interaction where adsorb ate changes the surface, which in turn affects the adsorption 
of other adsorb ate molecules may also be possible (Watson, 1999). 
1.6.3.5 Initial PCP concentration 
Initial PCP concentration plays an important role in adsorption behavior. Adsorption 
can be simply said as the diffusion of substances from aqueous to solid phase. It is 
not difficult to understand that increasing the adsorbate in aqueous state may increase 
the diffusion rate as the concentration gradient between two phases is becoming 
larger (Masel, 1996; DiVincenzo & Sparks, 1997). On the contrary, diffusion rate 
will be slower under low adsorbate concentration (Watson, 1999). In terms of 
removal efficiency, the increase of adsorbate concentration allows greater probability 
of bombardment between adsorbate and adsorbent and thus RE is higher. This 
phenomenon is also true for RC. Higher adsorbate concentration will result in higher 
RC (Wang et al., 2000; Chan, 2002). 
1.6.3.6 Incubation temperature 
Generally, an elevated temperature provides more kinetic energy for faster diffusion 
rate of adosrbate through the solution to the adsorbent and increases adsorption 
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efficiency (Robinson & Mollah, 1996a). Also, PCP is more soluble in higher 
temperature (Tse & Lo, 2002). With just reference to these two factors, increasing 
temperature favors the PCP adsorption. However, one more important thing should 
be taken into consideration. A variety of physicochemical forces, such as van der 
Waals, H-binding, dipole-dipole interactions, covalent bonding, can be responsible 
for adsorption (Dabrowski, 1999; Aksu & Yener, 2001). As it has been mentioned 
that adsorption can be considered as a physical or chemical process. The forces 
responsible for physical adsorption are van der Waals force. The hydrogen bonds also 
account for this kind of adsorption. Physical adsorption is always accompanied by a 
decrease in free energy and entropy of the adsorption system (Watson, 1999). It 
results from decreasing of freedom degrees of adsorbed molecules (Watson, 1999). 
Consequently, the physical adsorption is an exothermic process and the extent of 
adsorption increases with decreasing temperatures (Dabrowski, 1999). Physical 
adsorption is also a reversible process, the physciosorbed layer can be removed by 
increasing temperatures (Robinson & Mollah，1996a). While chemical adsorption 
occurs only at specific temperature, it is an endothermic process and the extent of 
adsorption increases with increasing temperature. Chemical adsorption is usually an 
irreversible process unless drastic conditions are provided to break the chemicals 
bonds (Dabrowski, 1999). 
1.6.3.7 Agitation speed 
Agitation is essential for better performance in adsorption system. As most of the 
sorbents may settle down or floating up in the aqueous system, poor contact between 
the adsorb ate and sorbent may affect the adsorption efficiency. To enhance the 
contact between them, it can be improved by shaking (Brandt et al., 1997; Schiewer 
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& Volesky, 2000; Wang et al., 2000). Furthermore, shaking can also provide external 
energy for the adsorbate and sorbent to have more collisions and thus increase the 
adsorption rate. 
1.6.4 Modeling of adsorption 
The adsorption model is used to access the performance of an adsorbent towards a 
particular adsorbate quantitatively. Comparison can be made among different 
adsorbents according to their capacity and selectivity, which can be calculated from 
adsorption isotherms. Isotherm is frequently used to describe adsorption equilibria 
for liquid as well as gas system. The isotherm usually gives the amount of adsorbate 
adsorbed per unit mass of adsorbent as a function of the concentration of the 
adsorbate in the fluid under a constant temperature. Langmuir and Freundlich 
adsorption isotherms are two common monolayer adsorption models usually 
employed (Robinson & Mollah, 1996a; Dabrowski, 1999; Watson, 1999). 
1.6.4.1 Langmuir isotherm 
Langmuir isotherm assumes that all adsorption sites are identical, and the probability 
of a molecule adsorbing is proportional to the concentration of the adsorbate and the 
number of free adsorption sites. All adsorbed species interact only with a site and not 
with other adsorbates (Robinson & Mollah, 1996b; Dabrowski, 1999; Watson, 1999). 
Adsorption energy of all sites is identical or homogenous (Masel, 1996). This means 
the energy required for each adsorbate to adsorb on each of the binding sites is the 
same. The bonding to the adsorption sites can be either chemical or physical but must 
be sufficiently strong to prevent displacement of adsorbed molecules along the 
surface (Volesky, 1990). The equation for this isotherm involves two constants rather 
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than the single parameter required for the simpler linear isotherm. A general form of 
the Langmuir model equation is expressed as 
qe = b Ce qmax / (1 + b Cg) Equation 1.14 
where qe is the amount of adsorbate adsorbed per unit dry weight of adsorbent at 
concentration Ce (mg of PCP/g of adsorbent); Ce is the equilibrium concentration of 
adsorbate in solution (mg/L); q^ax is the theoretical maximum uptake of adsorbate 
per unit dry weight of biosorbent (mg of PCP/g of adsorbent); b represents the 
adsorption affinity constant related to energy of adsorption. The curve for this 
isotherm is linear at low concentrations, i.e. low adsorption. And the isotherm bends 
to form a horizontal asymptote at high concentrations. This implies all of the 
adsorption sites are filled with the adsorbate. Langmuir equation can be transformed 
into linear form (Equation 1.15). A plot of against Ce gives qmax and b from the 
slope and y-intercept respectively. 
Ce _ 1 Ce Equation 1.15 — 
C[e bqmax Qmax 
1.6.4.2 Freundlich isotherm 
As the surfaces of most of the adsorbents are energetically heterogeneous because the 
adsorption sites are distributed on energetically different levels (Dabrowski, 1999), 
Freundlich isotherm is more widely adopted instead of Langmuir isotherm. 
Adsorption affinity for adsorbate may depend upon the porous structure of the 
adsorbent. Affinity of the adsorbate for the adsorbent may not be uniform if there are 
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variations in diameters among the porous dimensions and forms, which contribute to 
surface heterogeneity (Dabrowski, 1999; Watson, 1999). The general form of 
Freundlich model is: 
qe = kCeiZn Equation 1.17 
where qe is the amount of adsorb ate adsorbed per unit dry weight of adsorbent at 
concentration Ce (mg of PCP/g of adsorbent); Ce is the equilibrium concentration of 
adsorbate in solution (mg/L); k and n are empirical constants denoting adsorption 
capacity and adsorption intensity respectively. This can be linearized by taking the 
logarithm of both sides of the equation to give, 
log qe 二 log k + 1/n In C Equation 1.18 
k and n can be found from the slope and y-intercept by plotting of log qe against log 
Ce. The important differences between the Langmuir and Freundlich isotherms are 
obvious at very low and very high concentrations. Unlike Langmuir equation, 
Freundlich equation does not approximate the linear isotherm at low concentrations 
and approach asymptote at high concentrations (Watson, 1999). 
1.6.5 As a source of PCP-degrading bacteria 
Spent mushroom compost and mushroom compost have been examined for its 
potential application for bioremediation (Laine & Jorgensen, 1996; Webb et al., 2001; 
Semple et al., 2002). Mushroom compost sustains a large and heterogeneous 
population of microorganisms capable of degrading a variety of organic pollutants 
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such as polycyclic aromatic hydrocarbons (PAHs) (Semple et al,, 2002), BTEX 
compounds (benzene, toluene, ethyl benzene and the three xylene isomers) (Semple 
et al., 1998) and chlorophenols (Ching，1997; Laine & tegensen, 1997; Semple & 
Fermor, 1997; Webb et al” 2001). The process of composting of mushroom substrate 
may introduce degradative microorganisms present in the mushroom composts. 
Composting is an aerobic process that employs the actions of microorganisms to 
degrade organic matters. The temperature profile during composting allows 
succession of different groups of microorganisms. Composting process involves four 
stages according to the temperature: mesophilic, thermophilic, cooling and 
maturation (Fogarty & Tuovinen, 1991). At the beginning, mesophilic microbes 
dominate in the compost. Temperature increases as a result of increasing respiratory 
activity, microbial community changes to thermophiles instead of mesophiles. The 
microbial population is the highest and most of the decomposition activity takes 
place in this thermophilic stage (45-65°C). As nearly all organic carbon has been 
utilized, microbial activity slows down. Temperature becomes cooler and mesophilic 
microorganisms dominate again (Fogarty & Tuovinen, 1991). It has been reported 
that actinomycetes, a large group of filamentous, gram-positive bacteria, which form 
an important portion of degradative microorganisms to degrade organic pollutants by 
the action of extracellular hydrolytic and oxidative enzymes (McCarthy & Williams, 
1992). Actinomycetes isolated from mushroom compost also showed degradative 
and mineralization ability towards chlorophenols (Laine & J0rgensen, 1997; Webb et 
al., 2001). 
Webb and his colleagues studied the screening of mushroom compost for 
actinomycetes with the ability to degrade PCP (Webb et al., 2001). A thermophilic 
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actinomycete called Saccharomonospora viridis was isolated. This bacterium was 
able to degrade 10 mg/L PCP in liquid medium after 8 days incubating at 37°C. PCP 
concentration at 20 mg/L did not show significant effect on removal but 
concentration greater than 20 mg/L inhibited S. viridis growth. 
Tetrachlorohydroquinone (TeQH) was the only intermediate observed and this 
coincides with the initial breakdown by most PCP-degrading bacteria (see Section 
1.3.1). However, the proceeding reactions were somehow different. Webb postulated 
that PCP oxidized to TeQH which undergoes further oxidation to generate 
tetrachlorobenzohydroquinone (TeBQ). This is a highly reactive species and from a 
covalent bond with nucleophilic compounds such as glutathione or compounds 
containing -SH groups inside the cell, followed by the formation of polar conjugates 
which are then excreted from the cell. 
1.6.5.1 Identification of bacterium 
Fatty acid analyses, also called FAME (Fatty Acid Methyl Ester), is a popular 
method of bacterial identification through lipid analyses; specifically, through 
characterization of the types and proportions of fatty acids present in membrane and 
outer membrane lipids of cells. MIDI Sherlock Microbial Identification System was 
employed to do determination of FAME in this study. Fatty acids extracted from bulk 
lipids of a bacterial culture grown under standardized conditions, are chemically 
modified to form methyl esters. These derivatives are then identified by gas 
chromatography-mass spectrometry. A computerized list of the types and amounts of 
fatty acids from the unknown bacterium are then compared with a database 
containing the fatty acid profiles of thousands of reference bacteria and the best 
match to that of the unknown species was selected (Busse et al., 1996). Results were 
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given as similarity index (Sim index). At present, FAME is one of the most 
developed chemotaxonomic methods. However, a limitation to FAME analysis is that 
one must be able to grow the unknown organism on a specific medium and at a 
specific temperature in order to compare its fatty acid profile with those of organisms 
grown similarly and later kept in a database with 2000 species. 
Carbon source utilization simply measures the metabolic activities by employing 
Biolog MicroPlates Identification System to test the ability of a bacterium to utilize 
or oxidize a preselected panel of carbon sources. This test gives a characteristic 
pattern of purple wells. All nutrient and biochemicals required are prefilled into the 
96 wells of the plate. Tetrazolium violet is used as a redox dye to indicate the 
utilization of the specific carbon sources by the inoculated bacterium colorimetrically. 
The 96 wells start out colorless when inoculated. There is a burst of respiration and 
the cells reduce tetrazolium dye forming a purple color provided that the chemical in 
the well can be utilized by the bacterium. No reduction occurs appearing as colorless 
as the same as the reference (A-1) well without carbon source. The pattern of purple 
wells produced after incubation is then keyed into Biolog's MicroLog computer 
programme, which automatically cross-references the pattern to an exclusive library 
of 1900 species. An identification of the isolate is made if an adequate match is 
found. 
The identification of bacteria by molecular methods represents an indispensable 
addition to the traditional methods based on the analysis of morphological and 
physiological characteristics. Among these new techniques, the technique based on 
direct sequencing seems to be the most effective: it sequences ('reads') a specific 
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region of the bacterial chromosome (called 16S rDNA) and in comparing this 
sequence with known sequences stored in data banks which up to now houses more 
than 6,000 16S rDNA sequences and the number is still increasing, the identity of the 
bacteria is obtained. This procedure allows the accurate determination of the genus 
and the species of the studied strain. In contrast to the standard techniques, this 
methodology does not require knowledge of the characteristics of the studied 
microorganism. All microorganisms possess at least one copy of the genes coding for 
the ribosomal RNA (rRNA), which are indispensable molecules in any cell for the 
biosynthesis of proteins. Within these genes (rDNA), the 16S rDNA region is 
principally used for the determination of the genus and the species. After lysis of the 
cells of an isolated strain, the extracted bacterial DNA is purified. The 16S rDNA 
region is specifically amplified by an enzymatic method (PCR; polymerase chain 
reaction). The sequence of the amplified DNA is then read by the automated device. 
The identification is carried out by comparing this sequence with databases 
containing known sequences. 
1.6.6 As a source of fungus 
As the fungus, Pleurotus pulmonarius, has been inoculated onto the mushroom 
compost, the dominant fungus found on SMC belonged to this species. The potential 
of white rot fungi to become a bioremediating agent has been discussed in section 
1.3.2. The majority of white rot fungi and those most studied for their biodegradative 
abilities are members of the Basidiomycotina in the orders Aphyllophorales (e.g. 
Phanerochaete chrysosporium, Pleurotus ostreatus) and Agaricales (e.g. Agaricus 
bisporus) (Bumpus, 1998). P. pulmonarius is a common edible mushroom cultivated 
in subtropical and tropical developing countries (Chiu et al., 1998). It is a white rot 
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fungus of Order Aphyllophorales. MnP and laccase have been reported to degrade 
organopollutants including PCP (Table 1.6). SMC of P. pulmonarius could degrade 
about 85 % PCP in both soil and aquatic systems within 2 days incubation (Law, 
2001). In my study, the degradation of PCP adsorbed on SMC, which was used as a 
biosorbent, by the P. pulmonarius colonized compost was assessed. 
1.7 Obj ectives of this study 
1. To study the physico-chemical properties of the spent mushroom compost of 
Pleurotus pulmonarius. 
2. To optimize the removal conditions of PCP adsorption on SMC. 
3. To optimize the degradation conditions of PCP-degrading bacterium isolated 
from SMC and P. pulmonarius. 
4. To investigate their breakdown pathways in both systems by GC/MS. 
5. To assess the toxicity of artificial contamination of PCP-adsorbed SMC before 
and after the treatment by P. pulmonarius by Microtox® Assay. 
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2. Materials and Methods 
2.1 Spent mushroom compost (SMC) production 
Spent mushroom compost (SMC) was the waste solid by-product after the harvest of 
fruiting bodies in mushroom cultivation. Fresh SMC from the cultivation of oyster 
mushroom Pleurotus pulmonarius (Pl-27) was prepared and used in my study. The 
production of SMC is described in Fig. 2.1. The cultivation compost of oyster 
mushroom Pleurotus pulmonarius was consisted of: straw (agent: Wing Kee Ho, 
Kowloon), wheat bran (agent: Wing Hing Loon, Tai Po) and lime (food grade, 
Guangxi Metals and Minerals Import and Export Corporation, China) mixed in a 
ratio of 86: 13: 1 (w/w/w). After mixing, the constituents were then moistured to 
60% by tap water (modified from Ching, 1997). The well-mixed cultivation compost 
was then undergone fermentation for 10 days in open area. 300 g of the fermented 
substrate were packed into a plastic bottle (Sigma, P-557). The bottle was sterilized 
by autoclaving twice at 121°C for 1.5 hours. Half a plate culture of strain Pl-27 was 
used to inoculate one bottle of cultivation compost. The inoculated culture was then 
incubated at 28°C for about 4 weeks for mycelia running before putting into an 
environmentally controlled room in mushroom cultivation complex (Department of 
Biology, the Chinese University of Hong Kong) for fruiting. The fruiting conditions 
were: temperature (23°C), air moisture (99%), water spraying (6 times daily and 1 
minute/time), twelve hours light and twelve hours dark. After the harvest of the 
fruiting bodies of the oyster mushroom, SMC was generated as a waste product and 
collected and then freeze-dried by freeze-dryer (Labconco, Missouri, USA) at -47°C 
and reduced pressure at 133 x 10"^  mBar for 5 days. SMC was blended into powder 
form using a Waring blender at high speed for 2 minutes and kept in a desiccator at 
25°C for storage. 
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Straw 86%, wheat bran 13%, lime 1% + 60% water content 




T autoclaving twice at 121°C for 1.5 h 
Inoculate with mycelia of Pleurotus pulmonarius (Pl-27) 
• 
Mycelia running ( � 4 weeks) and fruiting ( � 2 weeks) 
T 
Harvest the mushrooms 
T 
Collect straw SMC of oyster mushroom 
T 
Freeze dry and grind into small pieces 
T 
Keep in desiccator at room temperature 
Figure 2.1 A flowchart showing the production and preparation of SMC of oyster 
mushroom used in this study. 
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2.2 Characterization of SMC 
Unless specified, all experiments for the characterization of spent oyster mushroom 
compost were done with five replicates. 
2.2.1 pH 
One g solid sample was soaked in 10 mL ultra-pure water (pH = 5.5) in 50 mL 
centrifuge tube (Falcon) and the mixture was shaken at 250 rpm for 30 minutes. The 
pH of the liquid sample was measured by a pH electrode connected to a Coming 320 
Ion Analyzer. 
2.2.2 Electrical conductivity 
One g SMC was soaked in 10 mL ultra pure water and the mixture was shaken at 250 
rpm for 30 minutes. The liquid sample was filtered through a 0.45 \im millipore filter 
membrane and the water soluble ions were determined by the Coming Checkmate 
conductivity measurement system. 
2.2.3 Carbon, hydrogen, nitrogen and sulphur contents 
The freeze-dried sample in powder form was weighted with 2.000 土 0.001 mg 
accurately by an analytical balance (AD-4 Autobalance, Perkin Elmer) and then put 
into a CHNS/0 analyzer (PE2400, Perkin Elmer). A known standard was first 
applied to calibrate the analyzer. A high temperature of 970°C was used to convert 
the elements carbon, hydrogen, nitrogen and sulphur in a sample into simple gases as 
carbon dioxide, hydrogen dioxide, nitrogen gas, sulphur dioxide and oxygen, 
correspondingly. These gases were measured by a thermal conductivity detector in 
the CHNS analyzer. All measurement was made on a weight percent basis. 
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2.2.4 Infrared spectroscopic study 
The powdered sample was mixed by mortar and pestle with infrared grade KBr in an 
agate mortar. An aliquot of 400 mg of this was taken with a 0.1 % w/w sample 
content (Guibal et al., 1995; Kondo & Sawatari, 1996). The translucent disk obtained 
by pressing the ground material with an aid of Specac press (pressure: 6.6 x Pa) 
for 5 minutes was analyzed by transmission with a Nicolet Magna-IR 
Spectrophotometer 560 (50 scans, background: air, resolution: 2 cm'^). 
2.2.5 Metal analysis 
All glasswares used were acid-treated by soaking them in an acid bath of 10% 
hydrochloric acid (HCl) overnight. They were then washed with ultra pure water and 
oven-dried before use. One g freeze-dried powdered SMC was weighted and 
transferred to a digestion tube. 20 mL concentrated nitric acid (69%) and 1 mL 
concentrated HCl (10%) were added into the digestion tube which was placed in a 
heating digestion block (VELP DK 42/26) at 120°C for 4 hours. Afterwards, the 
digestion tube was let cool to room temperature and 10 mL of 10% concentrated 
hydrochloric acid was added. All the digested mixture in the digestion tube was 
transferred to a 50 mL volumetric flask and was diluted with ultra pure water to a 
final volume of 50 mL. The digested samples were filtered by Whatman no.l filter 
paper and analyzed by induced-coupled plasma spectrophotometry (ATOMSCAN 16 
ICP-AES, Thermo Jarrell Ash). 
2.2.6 Anion content 
One g SMC was soaked with 10 mL of ultra pure water and the mixture was shaken 
at 250 rpm for 30 minutes. The water-soluble anions of SMC in a liquid sample, 
namely fluoride, chloride, nitrate, phosphate and sulphate, were analyzed by ion 
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chromatography (Dionex 500 ion chromatography system). The liquid sample was 
first filtered by 0.45 |am millipore filter membrane and then loaded into the lonPac 
anion exchange column by a built-in autosampler. A mixed solution of 1.8 mM 
sodium carbonate and 1.7 mM sodium bicarbonate was used as the eluent solution. 
The eluted anions were detected by a conductivity detector (Dionex CD20). The 
combined anion standard solution was prepared from the commercially available 
stock (Dionex, California) and run in parallel. 
2.2.7 Chitin assay 
0.1 g freeze-dried SMC was undergone alkaline hydrolysis by 4 mL IN NaOH 
(Sigma). The mixture was then boiled at 120°C for 15 minutes. After cooling, the 
pellet was collected by centrifugation at 14,000 rpm for 3 minutes (Eppendorf 
Mini Spin Plus 5453). It was washed with distilled water by centrifiigation until the 
solution became colorless. The solution was measured at 260 nm and 280 run to 
ensure that the readings were zero meaning that no more protein eluted out. The 
pellet was then neutralized using 1 mL 2N HCl. The reaction mixture was heated at 
95°C overnight and the supernatant was collected by centrifugation 14,000 rpm for 3 
minutes. One mL 12N NaOH was added to the supernatant and the precipitate 
formed was collected by filtration with oven-dried and pre-weighted GF/C filter. 
Then the filter was dried in an oven at 105°C for 24 hours. The percentage of chitin 
content of SMC (w/w) was calculated according to the following equation 2.1， 
Chitin content (%) = (Wf-W,) / WsXlOO% Equation 2.1 
where Wf is the dry weight of chitin residue with filter paper (g), Wi is the dry weight 
of filter paper (g) and Ws is the dry weight of SMC (g). 
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2.3 Extraction of PCP 
Unless specified, all experiments for the extraction of PCP were done with five 
replicates. 
2.3.1 Selection of extraction solvent 
The amount of PCP remained on the biosorbents after biosorption and 
biodegradation was determined by extraction of PCP by selected extraction solvent 
and quantified by HPLC. One g SMC was spiked with 0.1 mg PCP to obtain a 
concentration of 100 mg/Kg. Methanol (LabScan, 99.8%), dichloromethane 
(LabScan, 99.8%) and hexane (LabScan, 99.8%) were assessed in extracting PCP 
from the biosorbent. PCP was extracted with 15 mL solvent shaking at 200 rpm for 1 
hour. After the first extraction, it was repeated with another 15 mL solvent for 
another 1 hour. The solvent was poured in a 50 mL round bottle flask and then 
concentrated and evaporated at 60°C in a rotary evaporator with a vacuum pump. 
One mL of methanol (HPLC grade, Acros, USA) was used to redissolve the crystal 
after evaporation. The methanol was filtered by a 0.45 [xm filter (Acrodisc syringe 
filters 4CR PTFE). The filtered sample was kept in a HPLC vial tube at -20°C for 
HPLC quantification. Performance of the solvent was compared by extraction 
efficiency (Section 2.3.3). 
2.3.2 Selection of desorbing agent 
Basically, extraction and desorption have the same meaning, to remove PCP from 
SMC (in this case). An organic solvent was chosen for extraction as the extract could 
be concentrated for further analysis. However, if just aiming at desorbing PCP from 
SMC, high pH solution such as NaOH is also desirable (Wang et al, 2000; Chan, 
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2002; Tse & Lo, 2002). Different concentrations of NaOH solution were compared 
with the best extraction solvent to compare their desorption efficiencies (calculation 
the same as extraction efficiency). Based on this parameter, the desorbing solvent 
was selected and to be used at Section 2.4.7. 
2.3.3 Extraction efficiency 
Extraction efficiency (EE) could be calculated by the equation 2.2, 
EE (%) = (Ae/Ai) X 100 % Equation 2.2 
where EE is the percentage of PCP extracted from the SMC, Ae is the amount of PCP 
(mg) adsorbed on SMC and A, is the amount of PCP (mg) added on SMC. Based on 
the result from Section 2.3.2, 100 % methanol yielded the highest EE and was thus 
employed as the extraction and desorption agent. 
2.4 Adsorption of pentachlorophenol on SMC 
The SMC described in Section 2.1 was then autoclaved at 121°C for 1.5 hour to 
eliminate any enzymatic activity immobilized and killed the live microbes in it. 
Unless specified, all experiments for the adsorption of pentachlorophenol by SMC 
were done with five replicates. 
2.4.1 Preparation of pentachlorophenol (PCP) stock solution 
A 100 mg/L of PCP stock solutions was prepared by dissolving 0.1 g PCP (Sigma, 
practical grade, 98%) into 1000 mL methanol (Acros, USA, HPLC grade). The stock 
solution was kept in darkness at -20°C for later experiments. 
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2.4.2 Batch adsorption experiment 
A 100 mL PCP solution was prepared by diluting the stock solution with ultra-pure 
water in a 250 mL of conical flask. The weighted freeze-dried biosorbent was added 
into the solution and agitated by an orbital shaker at 200 rpm at 25+2°C. In particular 
time interval, the biosorbent was filtered by suction filtration with glass microfibre 
filter (Whatman, GF/C). The amount of PCP adsorbed on the SMC was extracted 
(Section 2.3.1) and analyzed by high performance liquid chromatography (HPLC). In 
parallel, control without biosorbent was performed under the same experimental 
conditions in order to determine the initial amount of PCP used and stability. Five 
replicates were performed for the following experiments. 
2.4.3 Quantification of PCP by HPLC 
PCP concentration remained in the filtrate was determined by reverse-phase high 
performance liquid chromatography (HPLC) with a Symmetry™ cl8 (5jim particle) 
column (4.6mm x 250mm) (Okeke et al” 1993). Isocratic elution was ran by 
acetonitrile:water:acetic acid (75:24.875:0.125; by volume) at 1 mL min'^ using an 
HPLC system (Aiken & Logan, 1996; Chiu et al., 1998) which comprised a 
photodiode array detector (Waters 996) and separation module (Waters 2695). The 
maximum absorption wavelength of PCP was found to be 215 nm. A series of PCP 
standards was prepared from 1.0 to 200 mg/L to construct a standard curve for 
quantification. 
2.4.4 Data analysis for biosorption 
In the biosorption experiment, residual PCP concentration deduced with the standard 
curve was then expressed into removal efficiency (RE) and removal capacity (RC) 
by the following equations (Equation 2.3 and 2.4) respectively (Brandt et al,, 1997; 
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Chiu et al., 1998; Law, 2001; Chan, 2002). 
amount of PCP removed 
R E ( o / o ) = X100% Equation 2.3 
corrected initial amount of PCP added* 
amount of PCP removed RC (mg of PCP/g of biosorbent) = Equation 2.4 
biosorbent used 
*corrected initial amount of PCP is calculated by the measured content of PCP at a 
particular day by instrument. 
2.4.5 Optimization of PCP adsorption 
The optimal conditions of PCP adsorption by SMC were determined under the 
constant experimental conditions with only one parameter varying each time. 
2.4.5.1 Effect of contact time 
0.1 g of biosorbent was added to 100 mg/L of PCP solution in a 250 mL conical flask 
and then shaken at 200 rpm at 23±2°C. After 15 min, 30 min, Ihr, 2hr, 4hr, 8hr, 16hr 
and 24hr, RE and RC of biosorbent for PCP adsorption in different time intervals 
were determined as described in Section 2.3.2. 
2.4.5.2 Effect of initial pH 
A 100 mg/L of PCP solution was prepared in a conical flask and the initial pH (1, 2, 
3, 5, 7, 8, 11, 13) was adjusted by IN or 12N sodium hydroxide (NaOH) (Riedel-de 
Haen, Germany) and IN or 12N hydrochloric acid (HCl) (37%, Merck). The 
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weighted biosorbent was added into the conical flask shaken at 200 rpm at 23±2°C. 
RE and RC of biosorbent for PCP adsorption were determined after optimal contact 
time (obtained from Section 2.4.5.1). 
2.4.5.3 Effect of incubation temperature 
With the optimal conditions obtained form Sections 2.4.5.1 and 2.4.5.2, the effect of 
temperature was performed by adding biosorbent in orbital shaker shaken at 200 rpm 
and kept at constant temperatures (4，18, 25, 37, 45°C). RE and RC of biosorbent for 
PCP adsorption were determined after optimal contact time. 
2.4.5.4 Effect of shaking speed 
Batches were put in orbital shaker at different shaking speeds (0, 100, 200 and 300 
rpm) incubating with optimal contact time and solution pH. Temperature was chosen 
at 25°C. 
2.4.5.5 Effect of initial PCP concentration and amount of biosorbent 
Batches with the same conditions as described in Section 2.4.5.4 and shaking at 200 
rpm (optimal shaking speed obtained from section 2.6.4.4) were used except 
changing the amount of biosorbent into 0.005-2 g, and the initial PCP concentrations 
into 5，10, 20, 50 and 100 mg/L. 
2.4.6 Adsorption isotherm 
From the results obtained from Section 2.4.5, data was analyzed by two common 
monolayer adsorption isotherms, Langmuir and Freundlich adsorption isotherms 
(Kawamura et al., 1997). 
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2.4.7 Effect of removal efficiency on reuse of biosorbent 
The effect of reuse on removal of biosorbent was assessed with conditions stated in 
Section 2.4.5.4. After incubation of one g of biosorbent with 100 mg/L PCP, PCP was 
extracted or desorbed and the recycled biosorbent was reused under the same 
conditions. The biosorbent was recycled for 5 times and its removal performance 
were assessed during each time of treatment. 
2.5 Biodegradation by isolated bacterium 
Unless specified, all experiments for the biodegradation by the isolated bacterium 
were done with five replicates. 
2.5.1 Isolation of PCP-tolerant bacteria from mushroom 
compost 
One g mushroom compost was added into 10 mL autoclaved distilled water and then 
spread on the complete medium (CM) (0.5 g/L MgSCUSHaO，0.46 g/L KH2PO4, 1.0 
g/L K2HPO4, 2.0 g/L peptone, 20 g/L glucose, 2.0 g/L yeast extract, 15.0 g/L agar) 
containing 50, 100 and 200 mg/L sodium pentachlorophenolate (NaPCP) (Fluka, 
practical grade). The plates were incubated at 28°C for five days. Colonies grown on 
the highest concentration of PCP agar plate were picked out and sub-cultured onto 
new plates until pure single cell clones were obtained. 
2.5.2 Screening for the best PCP-tolerant bacterium 
As more than one colonies were found, a screening test for the most PCP-tolerant 
bacterium was performed. Each pure cell colony was grown on 10 ml Luria Broth in 
a 50 mL Falcon centrifuge tube (LB) (10 g/L tryptone, 5 g/L yeast extract and 5 g/L 
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NaCl) incubating overnight at 28°C and shaking at 200 rpm. Biomass was harvested 
under centrifugation (Hermle Z300 universal centrifuge) at 8000 rpm for 10 minutes, 
supernatant was discarded whereas pellet was resuspended with 10 mL autoclaved 
distilled water. The pellet was centrifuged and washed five times in order to remove 
any impurities present on the biomass. 20 [iL of each of the isolated biomass was 
pipetted into a 96 well microplate containing 180 /xL minimal medium (MM) (2 g/L 
asparagine, 20 g/L glucose, 0.5 g/L MgSCU, 0.46 g/L KH2PO4, 1 g/L K2HPO4) to 
make a final NaPCP concentration ranging from 50 to 300 mg/L. The microplate was 
then incubated at 28°C for five days, and optical density (OD) at 600 nm was 
measured daily. The most PCP-tolerant bacterium was identified with the highest OD 
which implies the fastest growth in the presence of PCP. 
2.5.3 Identification of the isolated bacterium 
2.5.3.1 16S ribosomal DNA sequencing 
Identification was done to verify the isolated bacteria. The bacterium was cultured on 
LB plate for 5 days and DNA was extracted directly from live culture. 
2.5.3.1.1 Extraction of DNA 
DNAs were extracted by the extraction kit NucleoSpin Plant (Macherey-Nagel). 
About 100 mg bacterial biomass were transferred from the LB plate to a tube and 
400 [iL lysis buffer (CI as described by the Kit) were added. The mixture was mixed 
thoroughly and incubated at 60�C for 30 minutes. Afterwards, the mixture was 
centrifuged for 5 minutes at 13,000 g. The supernatant was transferred to a new tube. 
Then , 400 i^L binding buffer (C4) and 300 \iL ethanol were added. The mixture was 
mixed by inverting the tube 2-4 times. This mixture was then loaded to a NucleoSpin 
Plant column with a 2 mL centrifuge tube and centrifuge for 1.5 minutes. The 
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flowthrough was then discarded. After that, 400 |iL wash buffer (CW) were added 
onto the column. The tube was centrifuged again for 1 minute. Flowthrough was 
discarded. Then 200 |iL of another wash buffer was added onto the column. The 
column was centrifuged again for 2 minutes at full speed in order to remove the wash 
buffer completely. The column was then placed in a new 1.5 centrifuge tube. 100 \iL 
elution buffer (CE, preheated to 70°C) was added onto the membrane. The whole 
system was incubated at 70°C for 5 minutes and then centrifuged for 1 minute to 
elute the extracted DNAs. 
2.5.3.1.2 Specific PCR for 16S rDNA 
Specific PCR was performed prior to sequencing. The primer set used was deduced 
by homology search of the aligned 16S rDNA sequences of the following bacteria 
(code indicates the Genebank accession no.; sequences are free to obtain): 
Xanthomonas sp. AU2502, Comamonas testosteroni, Comamonas sp. NSP7, 
Mycobacterium gilvum, Mycobacterium microti, Pseudomonas putida, Pseudomonas 
rhodesiae, Burkholderia cepacia, Rhodococcus opacus, Rhodococcus sp. 
870-AN019, Sphingomonas paucimobilis, Sphingobium yanoikuyae, Sphingomonas 
yanoikuyae, Sphingopyxis chilensis, Sphingomonas sp. ATCC 35159, uncultured 
actinomycete. The conserved primer sets are: forward primer, 
5 ‘ - AC ATGC AAGTCGA-3 ‘ and backward primer, 
5 '-ACTGCTGCCTCCCGTAGGAGT-3,. 
A total volume of 10 \xL of reaction mixture consisted IX Reaction Buffer VI, 2.5 
mM MgCli, 0.2 mM dNTPs, lOpM of each primers, 2U Thermoprime Plus Taq DNA 
polymerase (AB gene) and about 100 ng genomic DNA. PCR for each isolate was 
repeated at least once. The conditions and composition of specific PCR for 
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amplifying Ml3 rDNA are shown in Table 2.1. 
Table 2.1 Conditions for PGR for amplifying 16S rDNA. 
PGR Mixture Thermal Profile 
lOX Reaction Buffer VI 1.0 | i L S t e p l 94 °C 2 mins 
25m MgCl2 1.0 iiL Step2 95 °C 2 mins 
2.5mM dNTPs 0.8 iliL Step3 58 °C 1 min 
Ultra Pure Water 5.4 |iL Step4 72 2 mins 
Forward primer 0.2 ]iL Steps 2-4 were repeated for 35 times 
Backward primer 0.2 i^L StepS 72 10 mins 
Taq DNA polymerase (AB gene) 0.4 i^L Step6 4 °C indefinite 
DNA Template 1.0 |LIL 
Total Volume 10 |LIL 
2.5.3.1.3 Gel electrophoresis 
One percent agarose gel (0.3 g of agarose (ordinary electrophoresis grade; Beijing) 
dissolved in 30 mL of 0.5x TBE buffer) was set. One juL loading buffer (30% 
glycerol, 0.25% bromophenol blue, 0.25% xylene cyanole) was mixed with 2 i^L of 
each DNA sample, and DNA ladder were mixed with 1 [iL loading buffer together 
with 4 |aL water. The marker used was GeneRuler™ lOObp DNA Ladder Plus, 
ready-to-use (MBI Fermentas). Samples were loaded into wells of the solidified gel. 
They were allowed to mn at 88V for 45 minutes. Afterwards, DNA was visualized 
using ethidium bromide staining. Gel image was captured using a gel documentation 
system (BIORAD Gel Doc 1000). 
2.5.3.1.4 Purification of PCR products 
® PCR-amplified fragments were purified by gene clean kit (GENECLEAN III KIT, 
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BIO 101, Inc.). All PCR products were added into 30 [xL sodium iodide solution. 
After that, 8 |LIL of glass milk were added. The mixture was incubated at room 
temperature for 5 minutes. After incubation, the mixture was centrifuged at 14,000 x 
g for 1 minute. Supernatant was removed after centrifugation and 700 [iL of new 
wash (provided by manufacturer) was added. The mixture has to be vortexed for 
washing the PCR product. The mixture was then centrifuged for 1 minute at 14,000 x 
g and supernatant was removed after centrifugation. This washing step was repeated 
for further twice. Then the pellet was allowed to dry under vacuum for 15 minutes. 
10 |iL of autoclaved ultra pure water (preheated to 70°C) was added to the pellet for 
elution of PCR product with incubation at room temperature for 5 minutes. Then, it 
is centrifuged for 2 minutes at 14,000 x g and supernatant was collected as purified 
PCR product. The purified PCR product was then checked for its quantity by gel 
electrophoresis. 
2.5.3.1.5 Sequencing of 16S rDNA 
The purified PCR product was then undergone cycle sequencing in order to increase 
product amount and label the DNA with different fluorescent dyes using DNA 
sequencing kit (PE Applied Biosystems). 
A total volume of 10 |liL of reaction mixture consisted 1.6 pM of forward primer, 
fluorescent dyes described above and about 60 ng PCR product. Also, ultra pure 
water was to be added which depending on the volume of PCR product added in 
order to make up to 5 iiL. Conditions for cycle sequencing are shown in Table 2.2. 
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Table 2.2 Conditions for cycle sequencing. 
PGR Mixture Thermal Profile 
DNA Template 0.5 - 5 \xL Stepl 9 6 � C 10 sec 
Primer 1 |liL Step2 50 °C 5 sec 
Ultra Pure Water 0 - 4.5 [xL Step3 60 4 min 
dRhodamine Terminator 4 [iL Step 1-3 were repeated for 25 times 
(PE Biosystems) 
Total Volume 10 |iL Step4 4°C indefinite 
Afterwards, the products were purified by sodium acetate/ethanol precipitation. 40 
i^L of sodium acetate were added to 1 mL 95% ethanol for precipitation. The mixture 
was vortexed and pre-stored in -20 26 |iL of ethanol mixture in PCR tube was 
added with 2.5x ethanol and O.lx sodium acetate of total volume 1 mL. All cycle 
sequencing product was transferred to the mixture and incubated in ice for 12 
minutes exactly for precipitation. After precipitation, the mixture was centrifuged at 
14,000 X g for 25 minutes and supernatant was discarded. Then 200 [xL of 70% 
ethanol were added. Mixture was vortexed and centrifuged at 14,000 x g for 20 
minutes. Supernatant was discarded and vacuum dried for 2 minutes. 12 jiL Template 
Suppressor Reagent (PE Applied Biosystems) instead of ultra pure water was added 
to resuspend the dried pellet in the last step. The solution was denatured at 95°C for 2 
minutes and then quickly chilled on ice for at least 5 minutes to prevent fusion of 
DNA strands. A brief centrifugation was performed to collect the sample. Samples 
were then sequenced by ABI Prism 310 Genetic Analyser (PE Applied Biosystems) 
and processed by using software Sequencing Analysis version 3.0 (PE Applied 
Biosystems). Putative identification was made by homology search with Genbank 
using BLAST function (http://www.ncbi.nlm.nhi.gov/blast/Blast.cgi). 
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2.5.3.2 Gram staining 
Bacteria can be categorized as Gram positive and Gram negative. Identification of 
this feature was performed by gram staining test according to Hucker method. A 
loopful of 16-24 hours overnight cell culture grown on I S A (Difco™ Trytic Soy 
Agar) (Becton, Dickinson and Company, Sparks, MD 21152, USA) plate at 30�C was 
spread on a slide and was allowed to air dry. The air dried slide was passed over a 
flame for a few minutes to get a firm adherence. The slide was first flooded with 
crystal violet for 1 minute and washed with tap water for 2 seconds. It was then 
blotted dry. The slide was then flooded with safranin for 10 second. Next, it was 
washed with tap water and blotted dry. The slide was observed under a light 
microscope (Nikon, Eclipse E200) at 1,000 X magnification. Bacterial cells stained 
purple were categorized as Gram-positive bacteria while Gram-negative was 
appeared as red color. 
2.5.3.3 Biolog Microstation System 
The isolated bacterium was identified by Biolog GP (Biolog catalogue no. 1004) 
Microplate which is to examine the assimilatory abilities of a bacterium towards 
different carbon sources. Biolog MicroPlate, a 96-well plate with 95-well prefilled 
with various carbon sources and oxidized form of tetrazolium dye, was used. The 
bacterium ready for being identified was first grown on a BUGM culture agar plate 
with BUGM medium (Biolog Universal Growth Medium, Biolog catalogue no. 
70001) for 12-18 hours at 30°C. The bacterial cells were then picked up by a sterile 
cotton swab and whirled against the inner wall of a test tube (25 x 150 mm) 
containing 20 mL sterile 0.85 % NaCl in order to transfer the cells to the NaCl 
solution. Adjustment was made to make fit the cell density falling in the range of GP 
upper and lower turbidity standards (Biolog catalogue no.3514) either by addition of 
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cells or 0.85 % NaCl 150 jjL of the bacterial cells were pipetted into each well of the 
MicroPlate and then incubated at 30°C. If the cells can utilize the carbon source in 
the well, tetrazolium dye will be reduced to generate a purple color. On the contrary, 
the well remains colorless if no reduction occurs. A MicroPlate reader (Biolog 
Microstation Reader) at 590 run was used to measure the intensity of purple color in 
each well after 4, 6 and 24 hours incubation. The relative change in absorbance 
suggesting the relative growth (% Asgonm) of each well with reference to the control, 
which contained no carbon source, was calculated by 
Relative growth (%) = (A'sgonm-AsQOnm) X 100% /A59omn 
where 人,590nm = absorbance in particular well (A.U.) 
A 590nm 二 absorbaiice in control well (A.U.) 
Relative growth (%) less than 20 % was considered to be "negative", between 20 and 
40 % was considered to be "borderline", while more than 40 % was said to be 
positive. An identification of the bacterium was made when an adequate match 
(similarity index > 0.75 at 4hours or > 0.5 at 6 / 24 hours) were found. 
2.5.3.4 MIDI Sherlock Microbial Identification System 
A 24-hour cell culture was prepared by streaking a bacterial colony on the TSBA 
plate (BBL® Trypticase soy broth agar) (Tryticase soy broth: 30 g/L; Granulated agar, 
15 g/L) (Becton, Dickinson and Company; Sparks, MD 21152, USA) and incubated 
at 30°C. Sample preparation was followed by five major steps. 
Harvesting: cells from TSBA plate were collected; 
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Saponification: fatty acids was liberated by cell lysis using saponifcation reagent 
(Sodium hydroxide (Riedel-de Haen, Germany): 45 g; Methanol (HPLC grade, 
Mallinckrodt): 150 mL; Milli-Q water: 150 mL); 
Methylation: methyl esters of fatty acids (FAMEs) were formed by methylation 
reagent (6.00N hydrochloric (Mallinckrodt): 325 mL; Methanol (HPLC grade, 
Mallinckrodt): 275 mL); 
Extraction: FAMEs were extracted from aqueous phase to organic phase by 
extraction solvent (methyl tert-butyl ether (MTBE) (Scharlau chemie, Barcelona, 
Spain) 200 mL; 85 % w-hexane (Mallinckrodt): 200 mL); 
Base washing: organic extracts were washed before gas chromatography analysis by 
base wash (Sodium hydroxide (Riedel-de Haen, Germany): 10.8 g; Milli-Q water: 
900 mL). 
Then, the sample was ready for Hewlett-Packard 6890 gas chromatography analysis 
and compared with HP A.06.X ChemStation Software containing > 2000 species 
databases. 
2.5.4 Optimization of PCP degradation by PCP-degrading 
bacterium 
The selected PCP-tolerant bacterium was assessed by the following experiments to 
determine whether it just tolerated PCP or could degrade PCP. Biomass was grown 
by inoculating LB with a loopful of the bacterium and the culture was incubated at 
28°C overnight. The harvested biomass by centrifugation was washed with distilled 
water several times before use for further experiments. The inoculum size of the 
bacterial biomass was standardized to 1.50 OD. The optimal conditions of PCP 
degradation by the isolated bacterium were determined under the constant conditions 
with only one factor varying each time. Performance of bacterium towards PCP 
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degradation using contaminated SMC was assessed by RE and RC. Five replicates 
were done unless specified. 
2.5.4.1 Effect of incubation time 
One mL of bacterial suspension (O.D. = 1.50) was inoculated into 100 mL Duran 
bottle containing 1 g of 100 mg PCP/Kg SMC. The mixture was incubated at 28°C 
and shaken at 200 rpm. Residual PCP content was determined at 2, 4, 6, 9, 12 and 14 
days. 
2.5.4.2 Effect of shaking speed 
Treatment was performed as in Section 2.5.4.1 except at different shaking speeds (0， 
100, 200 and 300 rpm) and the reaction mixtures were incubated for 4 days. 
2.5.4.3 Effect of initial PCP concentration and inoculum size 
Batches with the same conditions as described in Section 2.5.4.2 and shaken at 200 
rpm were applied except changing the initial PCP concentrations into 10, 50, 100, 
200 and 300 mg/L and the inoculum size of biomass into 0.1, 0.5, 1, 2 and 5 mL. 
2.5.4.4 Study of PCP degradation pathway by isolated bacterium using 
GC-MS 
Sample preparation was according to Section 2.3.1. Identification of the degradation 
products was analyzed by GC/MS consisting of an Hewlett Packard (HP) 7673 
automatic injector into a HP 6890 series gas chromatograph (Atlanta, GA) connected 
to a model 5973 mass selective detector at 62.5 kN m'^ A HP-5 MS column of 5 % 
phenyl methyl silicone (0.25 mm x 30 m x 25 |im film thickness) was used. The 
mass spectra of eluted peaks were matched with those in the libraries (NIST 98.1 & 
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Pesticide. L) for putative identification. The carrier gas was helium at flow rate 50 
mL min"\ GC operating conditions and temperature programme for PCP used are 
shown in Tables 2.3 and 2.4. 
Table 2.3 Gas chromatography operating conditions for PCP 
(Abbas & Hayton，1996). 
Parameters GC operating conditions 
Oven temperature 70°C 
Oven equilibrium time 0.5 min 
Inj ector temperature 200 °C 
Interface temperature 300 °C 
Sampling time 2 min 
Split mode Splitless 
Column pressure 94.9 kPa 
Column flow 1.5 mL/min 
Linear velocity 50 cm/sec 
Solvent cut 6 min 
Table 2.4 Gas chromatography temperature programme for PCP. 
Rate (°C/min) Temperature (°C) Time (min) 
70 1 
15 200 8 
15 250 3 
Total running time was 24 minutes 
2.6 Biodegradation by fungus Pleurotus pulmonarius 
Unless specified, all experiments for the biodegradation by fungus Pleurotus 
pulmonarius strain Pl-27 were done with five replicates. 
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2.6.1 Optimization of PCP degradation by R pulmonarius 
Mycelium of Pleurotus pulmonarius (Pl-27) supported by straw was used in this part 
of experiment which is the stage of mycelia spawning described in Fig 2.1. To begin 
with each part of the following experiments, chitin assays were performed in order to 
standardize the quantity of mycelium inoculated in terms of chitin contents. 
2.6.1.1 Effect of incubation time 
Exactly 1 g straw compost with mycelium was weighed and inoculated in 1 g SMC 
artificially contaminated with 100 mg/kg PCP in a 100 mL Duran bottle and sealed 
with aluminum foil. The bottle was incubated at 28°C and shaken at 200 rpm. The 
content inside the bottle was extracted (see Section 2.3.1) after 2, 4, 6, 9, 12 and 14 
days. Ten replicates were done in this experiment. The additional five replicates were 
used for specific enzymes assays (Section 2.6.3). 
2.6.1.2 Effect of shaking speed 
Batches as described in Section 2.6.1.1 were put into an orbital shaker at different 
shaking speeds (0, 100, 200 and 300 rpm) and the reaction mixtures were incubated 
for 4 days. 
2.6.1.3 Effect of initial PCP concentration and inoculum size 
Batches with the same conditions as described in Section 2.6.1.2 and kept at 
stationary were applied except changing the initial PCP concentrations into 10, 50, 
100, 200 and 300 mg/Kg and the inoculum size of biomass into 0.1, 0.5, 1, 2 and 5 g. 
2.6.2 Study of PCP degradation pathway by fungus using GC-MS 
Degradation pathway of PCP by fungus P. pulmonarius was studied. All the 
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procedures and instruments employed were the same as Section 2.5.4.4. 
2.6.3 Specific enzyme assays 
Specific enzyme assays were performed to study the pattern of enzymes production 
by fungus P. pulmonarius against the time of incubation (Section 2.6.1.1). The 
pattern of enzymes production was compared with the removal of PCP. 
2.6.3.1 Extraction of protein and enzymes 
40 mL ultra pure water was added to the whole content inside the bottle described in 
Section 2.6.1.1. The bottle was then shaken at 4°C for 3 hours. The filtrate for protein 
and enzymes analysis was collected by centrifugation at 12,000 rpm for 10 minutes. 
2.6.3.2 Protein 
A series of 0, 0.2, 0.4, 0.6 and 0.8 mg/mL protein standard solution was prepared. 75 
juL of standard and sample were added to different 1.8 mL eppendrof tubes, 
respectively. The pellets formed were dissolved in 750 fJiL of Lowry reagent solution 
(Sigma). Then the solution was allowed to stand at room temperature for 20 minutes. 
375 ijlL of Folin & Ciocalteu's Phenol Reagent Working Solution (Sigma) were 
added to each tube with rapid and immediate mixing. Colour of the solution was 
allowed to develop for 30 minutes. Then the solution was transferred to 1 mL cuvette 
and the absorbance of the standards and sample tube against blank were measured at 
a wavelength of 750 nm in 30 minutes. The absorbance values of the standards were 
plotted against their corresponding protein concentrations and a calibration curve 
was constructed in this way. The protein concentrations of the samples were 
calculated from the calibration curve according to their absorbance. 
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2.6.3.3 Laccase 
The reaction mixture contained 400 fiL of 2.5 mM ABTS (2, 2 -
azinobis-3-ethylbenthiazoline-6-sulfonate), 500 /xL of 200 mM succinic-lactic acid 
buffer (pH 4.5) and 100 fiL of sample in a total volume of 1 mL. The reaction is 
monitored at 420 nm at 25^C by measuring the absorbance of the color complex 
formed for 5 minutes (Zhao & Kwan, 1999). 
2.6.3.4 Manganese peroxidase (MnP) 
100 [iL of 0.7mM MBTH (3-methyl-2-benzothiazolinone hydrazone), 100 fiL of 
0.9mM DMAB (3-(dimethylamino)-benzoic acid), 100 /xL of 3 mM MnS04 
(manganese sulfate), 100 jiL of 0.5mM H2O2 (hydrogen peroxide), and 500 /xL of 
200mM succinic-lactic acid buffer with pH 4.5 and 100 fiL of sample were mixed in 
a 1 mL cuvette. H2O2 was added to initiate the reaction. The activity was measured at 
37°C at 590 nm for 5 minutes (Sheel et al., 2000). 
2.6.4 Microtox® assay 
Vibrio fisheri was employed to evaluate the toxicity of PCP adsorbed on SMC after 
treatment by fungus P. pulmonarius. Toxicity bioassays were performed with 
Microtox® Analyzer ( M 5 0 0 , Microbics Corporation, Carlsbad, USA). The median 
inhibitory concentration (IC50) of a sample was automatically calculated by a 
Microtox® Data Collection and Reduction System (Microbic Corporation, Carlsbad, 
USA). IC50-5min and IC50-15min were measured to confirm the nature of the 
sample. 
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2.7 Statistical analysis 
Data were presented in mean 土 standard deviation. One-way Analysis of Variance 
(ANOVA) was used to detect any significant difference among the treatments and the 
control if there were a number of cases. However, student t test was used when only 
two sets of data were compared. Ranking of the groups was performed with the 
Tukey test (p = 0.05) in the case of significant difference was found among the group. 
Letters a, b, c represent the ranking from the highest to the lowest by Tukey test (p = 
0.05). Both statistical programmes were provided in SPSS (Version 10.0) software. 
68 
3. Results 
3.1 Physico-chemical properties of SMC 
The physico-chemical properties of the spent mushroom compost of Pleurotus 
pulmonarius (SMC) used in this study are summarized in Tables 3.1 - 3.5. SMC was 
neutral with a pH around 7. It contained 34.24 士 0.05o/o organic matter and 1.42 土 
0.02% nitrogen. Nitrate, phosphate and sulphate were water-soluble nutrients leached 
out when SMC was soaked in water. Macro-nutrients such as sodium, potassium and 
calcium, were found in it. Besides, only trace amounts of heavy metals such as iron, 
zinc and manganese were presented. SMC was comprised of about 25.24 土 5.47o/o 
chitin which might be the main component for biosorption. Functional groups 
presented on SMC were alkane, carbonyl, carboxyl and hydroxyl groups determined 
by FT-IR (Figure 3.1). 
3.2 Extraction efficiency and desorption efficiency of 
PCP 
Extraction efficiencies (EEs) of PCP by different pure solvents, namely: methanol, 
hexane and dichloromethane, were investigated and are presented in Figure 3.2. The 
extraction efficiencies of PCP in descending order are methanol > dichloromethane > 
hexane. Methanol has the highest extraction efficiency of PCP (95%) from the 
biosorbent. As a result, methanol was used for PCP extraction in further experiments. 
Different concentrations of methanol and sodium hydroxide were tested to desorb 
PCP from SMC. From Figure 3.3, it is shown that the five desorbing agents had 
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Table 3.1 Physico-chemical properties of straw SMC of oyster mushroom. Each 
data are represented by the mean 士 standard deviation of triplicates. 
Parameter Content 
pH 6.94 ± 0.09 
Conductivity (// S/cm) 5.84 士 0.09 
C (%) 34.24 土 0.05 
H (%) 3.99 ±0.94 
N (%) 1.42 ±0.02 
S (%) 0.99 士 0.44 
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Table 3.2 Metal contents of straw SMC of oyster mushroom. Each data are 
represented by the mean 士 standard deviation of five replicates. 
Metal Content (mg/Kg) 
Sodium 890 土 53 
Magnesium 3200 土 33 
Potassium 35000 ±2000 
Aluminum 380 ±41 
Calcium 6700 土 14 
Iron 25.00 ±0.17 
Zinc 33.00 士 3.70 
Manganese 24.00 士 0.02 
Copper 7.20 ±1.30 
Cobalt 1.30 ±0.76 
Chromium 3.20 ±0.68 
Nickel 1.10 ±0.75 
Cadmium 0.10 ±0.05 
Barium 25.00 ±0.04 
Silver 0.97 ±1.40 
Mercury 0.00 土 0.00 
Lead 0.75 ±0.18 
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Table 3.3 Anions extracted from straw SMC of oyster mushroom. Each data are 
represented by the mean 土 standard deviation of five replicates. 
Anion mg/g of SMC 
Fluoride 0.2458 ± 0.0228 
Chloride 2.1688 ± 0.2900 
Nitrate 0.0267 ± 0.0118 
Phosphate 1.1648 ± 0.2639 
Sulphate 2.3551 ± 0.0472 
Table 3.4 The chitin contents (% by weight of sample) of both compost and 
SMC of oyster mushroom. Each data are represented by the mean 土 
standard deviation of five replicates. 
‘ Chitin content (%) 
Compost 8.66 ±0.92 
SMC of oyster mushroom 25.24 土 5.47 
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Figure 3.1 Detection of functional groups of SMC by FT-IR. 
Table 3.5 The infra-red characteristic group frequencies for the stretching 
vibrations of functional groups presented in SMC. 
Functional group Compound type Frequency range, cm"^  
C-H Alkanes 2930-2850 
C-0 Alcohols, ethers, carboxylic acids, 1260-1000 
esters 
C=0 Aldehydes, ketones, carboxylic acids, 1760-1670 
esters 
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Figure 3.2 The PCP extraction efficiencies (EEs) by different pure solvents. The 
experimental conditions: concentration of PCP solution 二 1000 mg/Kg, 
amount of SMC 二 1 g, amount of PCP, 1 mg, contact time = 2 hours, 
temperature 25+2°C, shaking speed = 200 rpm. Data represent the 
mean and error bars represent the standard deviations of five 
replicates. Means with the same letter are statistically identical (One 
way ANOVA with Tukey test, p<0.05). 
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Figure 3.3 The PCP desorption efficiencies (DEs) by different desorbing agents. 
The experimental conditions: concentration of PCP solution = 1000 
mg/Kg, amount of SMC = 1 g, amount of PCP, 1 mg, contact time = 2 
hours, temperature: 25+2°C, shaking speed == 200 rpm. Data represent 
the mean and error bars represent the standard deviations of five 
replicates. Means with the same letter are statistically identical (One 
way ANOVA with Tukey test, p<0.05). 
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significant differences among each other. Methanol performed better than sodium 
hydroxide where 100% methanol attained the highest desorption efficiency (95%). 
Thus, 100% methanol was chosen as the agent to desorb PCP in Section 3.3.2. 
3.3 Batch adsorption experiments 
3.3.1 Optimization of adsorption conditions 
3.3.1.1 Effect of contact time 
The effect of contact time on the RE and RC of PCP by SMC is shown in Figure 3.4. 
Rapid adsorption occurred with 20% of maximum RE of PCP within 30 minutes, and 
prolonged incubation did not show significant differences on RE and RC. 
Equilibrium was attained within 30 minutes. Therefore, the incubation time used for 
later experiments was set at 2 h to ensure attainment of adsorption equilibrium 
conditions. 
3.3.1.2 Effect of initial pH 
Figure 3.5 shows the RE and RC of PCP adsorption under different initial solution 
pHs. It is apparent that pHs lower than pKa of PCP, i.e. 4.74 had higher REs and RCs. 
Initial solution of pHs 1 & 2 yielded the highest REs and RCs with 75% PCP 
removal. These values were 4-fold higher than the lowest REs of pHs 5, 7 and 9. REs 
and RCs of PCP adsorption usually decreased with initial pHs. However, significant 
differences of RE and RC on PCP adsorption were found when pH was larger than 9. 
There was a slightly increase of RE and RC at pH 12. As a large difference of RE 
and RC on PCP adsorption was observed on the effect of initial pHs, pH 2 which 
yielding the highest RE and RC was chosen for further experiments on adsorption. 
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Figure 3.4 The effect of contact time on (a) removal efficiencies (REs), and (b) 
removal capacities (RCs) of PCP by adsorption on SMC. The 
experimental conditions: concentration of PCP solution = 1 0 mg/L, 
initial pH = 7, biosorbent concentration = 0.1 g/100 mL, temperature: 
25土2°C, shaking speed = 200 rpm. Data represent the mean and 
standard deviations of five replicates. Means with same letter are 
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Figure 3.5 The effect of initial solution pHs on (a) removal efficiencies (REs), 
and (b) removal capacities (RCs) of PCP by adsorption on SMC. The 
experimental conditions: concentration of PCP solution = 1 0 mg/L, 
contact time = 2 hours, biosorbent concentration = O.lg/100 mL, 
temperature: 25+2°C, shaking speed = 200 rpm. Data represent the 
mean and standard deviations of five replicates. Means with same 
letter are statistically identical (One way ANOVA with Tukey test, 
p<0.05). 
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3.3.1.3 Effect of shaking speed 
The effect of shaking speed on PCP adsorption is presented in Figure 3.6. There were 
increasing trends of RE and RC with higher shaking speed but not to great extents. 
Thus shaking speed slightly influenced the RE and RC of adsorption although 
statistical differences were found. Significant differences were observed among 0, 
100 and 200 rpm, whereas no significant differences were found among 200, 250 and 
350 rpm. Therefore, 200 rpm was chosen as the selected condition. 
3.3.1.4 Effect of incubation temperature 
RE and RC of PCP adsorption under the chosen conditions from the above results 
with different incubation temperatures were studied. Results are shown in Figure 3.7. 
RE and RC of PCP adsorption were decreased with increasing incubation 
temperatures. By increasing every 10°C, 10% RE were decreased significantly. The 
highest RE and RC were found at 4°C yielding 85% PCP removal compared with the 
lowest performance at 45°C with 65% removal. 25°C was selected as the incubation 
temperature for further experiments although 10% RE reduction was obtained 
statistically (it was not worth incubating in a low-temperature shaker to yield only 10 
% RE instead of shaking at room temperature). 
3.3.1.5 Effect of initial PCP concentration and amount of biosorbent 
REs and RCs for different initial PCP concentrations and amounts of biosorbent are 
shown in Figure 3.8. REs and RCs of five initial PCP concentrations tested were 
increased with increasing PCP concentrations under the same amount of biosorbent 
used. The trend of increase of RE on PCP adsorption was different for different PCP 
concentrations where the shape of the curves were presented into 2 ways. PCP was 
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Figure 3.6 The effect of shaking speed on (a) removal efficiencies (REs), and (b) 
removal capacities (RCs) of PCP by adsorption on SMC. The 
experimental conditions: concentration of PCP solution = 1 0 mg/L, 
contact time 二 2 hours, initial pH ——- 2，biosorbent concentration — 
O.lg/100 mL, temperature: 25+2°C. Data represent the mean and 
standard deviations of five replicates. Means with same letter are 
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Figure 3.7 The effect of incubation temperature on (a) removal efficiencies (REs) 
and (b) removal capacities (RCs) of PCP by adsorption on SMC. The 
experimental conditions: concentration of PCP solution = 1 0 mg/L, 
contact time = 2 hours, initial pH = 2, biosorbent concentration = 
O.lg/100 mL, shaking speed = 200 rpm. Data represent the mean and 
standard deviations of five replicates. Means with same letter are 
statistically identical (One way ANOVA with Tukey test, p<0.05). 
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Figure 3.8 The effect of PCP concentrations and amount of biosorbent on (a) 
removal efficiencies (REs); and (b) removal capacities (RCs) of PCP 
by adsorption on SMC. The experimental conditions: contact time = 2 
hours, initial pH = 2, temperature 25±2°C, shaking speed = 200 rpm. 
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PCP concentrations (i.e. 5, 10 and 20 mg/L) whereas a drastic increase followed by 
plateau was observed at high PCP concentrations (i.e. 50, 100 mg/L). Thus, the 
curves were shifted from left to right with increasing PCP concentrations. Nearly 
100% RE was attained for all five PCP concentrations studied when 1 g biosorbent 
was used. PCP concentrations not only influenced the shape of the curves of RE but 
also RC. Maximum was at low PCP concentrations. All curves were returned to 
baseline level after maxima despite of differences in PCP concentrations. Therefore, 
the peaks shifted from left to right with decreasing PCP concentrations. A maximum 
was found at 1443 mg PCP/g at 100 mg/L PCP concentration with 0.005 g 
biosorbent. 
3.3.2 Reuse of SMC 
The effect of reuse of SMC on PCP was studied and is presented in Figure 3.9. It can 
be seen that there was no significant change of RE on PCP removal after five times 
of reuse. RE of PCP was also maintained 95% removal for each adsorption 
experiment. 
On the other hand, the functional groups of reused SMC was determined using FT-IR 
in order to compare any changes from the original one. Figure 3.10 shows the 
functional groups present on the reused SMC. The functional groups corresponding 
to the wavenumber measured are shown in Table 3.5. No changes were found on the 
functional groups from the original (Figure 3.1) and reused SMC. 
3.3.3 Isotherm plot 
Freundlich and Langmuir adsorption isotherms, which are two commonly used 
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Figure 3.9 The effect of reuse of SMC on adsorption efficiencies. The 
experimental conditions: concentration of PCP solution = 1000 mg/Kg, 
amount of SMC = 1 g, amount of PCP, 1 mg, contact time — 2 hours, 
temperature 25+2°C, shaking speed = 200 rpm. Data represent the 
mean and standard deviations of five replicates. Means with the same 
letter are statistically identical (One way ANOVA with Tukey test, 
p<0.05). 
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Figure 3.10 Detection of functional groups o f reused SMC by FT-IR. 
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monolayer adsorption models, are employed to characterize the PCP adsorption 
behavior by SMC in this study. The results from Section 3.3.1.5 were transformed 
into the equations of two monolayer models and are shown in Figures 3.11 and 3.12 
which are described in Section 1.3.3.8. The correlation coefficients of these two 
isotherms were calculated and are presented in Tables 3.6 and 3.7. It is obvious that 
the adsorption equilibrium data fit better in Freundlich isotherm rather than 
Langmuir isotherm. The constants of Freundlich isotherm model, adsorption capacity 
(k) and adsorption intensity (n) were calculated and shown in Table 3.6. There was 
no relationship between the PCP concentrations and adsorption constants. Thus, PCP 
concentrations are independent on the adsorption behavior. 
3.4 Biodegradation by PCP-degrading bacterium 
3.4.1 Isolation and purification of PCP-tolerant bacteria 
Three morphologically different bacteria showing tolerance to 300 mg/L PCP were 
identified on a PCP-containing agar plate. Those three bacteria were isolated and 
purified to obtain a pure cell culture. Another test was carried out to determine which 
bacterium could tolerate higher concentrations of PCP (300 mg/L) and gained in 
biomass after 4 days in comparison to the control without PCP. The latter indicates 
the degradative removal of PCP which served as the substrate for the bacterium to 
grow. One bacterium was selected as a potential PCP-degrader. It is shown in Figure 
3.13. It produced yellowish-white colonies with small margin, and the colonies 
reached 1-2 mm in diameter at 28°C for 3 days in nutrient agar. 
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Figure 3.11 Freundlich isotherms o f PCP adsorption in different PCP 
concentrations, (qe is amount o f sorb ate adsorbed per unit dry weight 
o f adsorbent at concentration Ce; Ce is the equilibrium concentration 
o f adsorbate in solution). 
Table 3.6 Freundlich isotherm equations and correlation coefficients for PCP 
adsorption in different PCP concentrations. 
PCP concentrations (mg/L) Equation *r * * k * * * n 
• ———— • • • ••- ―^ - -I • 
5 y = 0.4765x +0.2235 0.7426 1.67 2.099 
10 y = 6094x +0.5594 0.882 3.63 1.64 
20 y = 0.8709x +0.5992 0.8238 3.97 1.148 
50 y = 1.5461X +0.7727 0.9457 5.93 0.6468 
100 1.8956X +0.2217 0.9388 1.67 0.53 
: correlation coefficient 
* * k : adsorption capacity 
* * * n : adsorption intensity 
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Figure 3.12 Langmuir isotherms of PCP adsorption in different PCP 
concentrations, (qe is the amount of sorb ate adsorbed per unit dry 
weight of adsorbent at concentration Ce; Ce is the equilibrium 
concentration of adsorbate in solution). 
Table 3.7 Langmuir isotherm equations and correlation coefficients for PCP 
adsorption in different PCP concentrations 
PCP concentrations (mg/L) Equation 
5 y = 0.4806x-0.0878 0.6214 
10 y = 0.0691x +0.1542 0.8469 
20 y = 0.0183x +0.2217 0.4238 
50 y = -0.0107x +0.194 0.6486 
100 y = -0.0118x +0.3024 0.7375 
* r2 二 correlation coefficient 
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Figure 3.13 A plate culture of the best PCP-tolerant bacterium. 
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3.4.2 Identification of the isolated bacterium 
3.4.2.1 16S rDNA sequencing 
The DNA of the isolated bacterium was extracted and its 16S rDNA was amplified 
by polymerase chain reactions (PCR). PCR products were undergone gel 
electrophoresis. A gel photo of PCR products is shown in Figure 3.14. A single band 
with size 300 bp was observed. PCR products were under sequencing and alignment 
through Genebank. The isolated bacterium was identified as Serratia marcescens 
with 100% identities (273 bp similar out of 273 bp) (Table 3.8). 
3.4.2.2 Gram staining 
The result of gram-staining is shown in Figure 3.15. The isolated bacterium was a 
gram-negative rod-shaped bacterium. 
3.4.2.3 Biolog MicroPlates Identification System 
Figure 3.16 shows the color changes in carbon sources in Gram-negative MicroPlate 
(Figure 3.17). The result of Biology Microlog System is shown in Table 3.9. The best 
matched species was Serratia marcescens having similar index of 0.694 at 100 % 
probability. 
3.4.2.4 MIDI Sherlock Microbial Identification System 
Fatty acid profiles of the isolated bacterium was determined and is shown in the 
chromatogram (Figure 3.18). The identified bacteria were presented in Table 3.10. 
The best matches were Cedecea davisae and followed by Serratia marcescens. 
3.4.3 Growth curve of PCP-degrading bacterium 
Growth curve of bacterium S. marcescens is shown in Figure 3.19. A typical growth 
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Figure 3.14 Gel photo of PCR products of PCP-degrading bacterium. 
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Table 3.8 Homology search of the 16S rDNA of the PCP-degrading bacterium 
by Genebank. 
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Figure 3.15 Photo of Gram-staining of the PCP-degrading bacterium. 
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Figure 3.16 Ingredients of carbon source of Gram-negative MicroPlate. 
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Figure 3.17 Result of bacterial identification on a Gram-negative MicroPlate. 
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Table 3.9 Results of bacterial identification by Biolog MicroPlates Identification 
System. 
Species Probability Similarity index 
Serratia marcescens 100 0.694 
Enterohacter aero genes 0 0.000 
Serratia odorifera 0 0.000 
Serratai rubidaea 0 0.000 
Klebsiella planticola 0 0.000 
Klebsiella pneumoniae 0 0.000 
Klebsiella oxytoca 0 0.000 
Serratia entomophila 0 0.000 
Serratia fonticola 0 0.000 
Enterohacter cloacae 0 0.000 
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Figure 3.18 Chromatogram of fatty acid profiles of PCP-degrading bacterium by 
MIDI Sherlock Microbial Identification System. 
Table 3.10 Results of bacterial identification by MIDI Sherlock Microbial 
Identification System. 
Species Similarity Index 
Cedecea 0.634 
C. davisae 0.634 
Serratia 0.427 
S. marcescens 0.427 
S. liquefaciens 0.400 
S. plymuthica 0.360 
Enterobacter 0.374 
E. agglomerans 0.374 
E. aerogenes 0.227 
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curve of microorganisms in batch culture was found. Lag phase occurred at first 2 
hours after inoculation where no slow growth was observed. Bacterial cells in 
exponential growth were detected in hour 4 to 16 where maximum growth rate took 
place. At hour 16 and afterwards, there was no significant increase of fungal dry 
mass statistically and thus was described as the stationary phase. 
3.4.4 Optimization of PCP degradation by PCP-degrading 
bacterium 
3.4.4.1 Effect of incubation time 
The PCP removal by PCP-degrading bacterium (the isolated bacterium in Section 
3.4.1) is shown in Figure 3.20. Generally, RE and RC were increased with increasing 
incubation time. Removal of PCP was divided into three stages. 30% PCP was 
disappeared within 2 days in a rapid stage one, followed by a lag stage of 6 days with 
only 15 % removal. At the last stage, 40% PCP concentration was further reduced 
exponentially with a total removal of 83% at day 14. It can also be deduced that RE 
was dependent on the inoculum size (Fig. 3.20), RE was increased when inoculum 
size was doubled. Statistically significance was found between 1 mL and 2 mL 
bacterial inocula. Although the maximum RE was attained at day 14, 4-days 
incubation time was selected in further experiments for optimization of performance 
(14 days were too long for a treatment, 4 days were set to optimize the condition). 
3.4.4.2 Effect of shaking speed 
Figure 3.21 shows the effect of shaking speed on PCP degradation. RE and RC of 
PCP was not influenced greatly by the magnitude of shaking speed although 
significant differences were found. Generally, RE and RC were increased with 
increasing shaking speed. It was only true when shaking speed was increased from 0 
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Figure 3.19 Growth curve of S. marcescens. The experimental conditions: 
temperature 25±2�C, shaking speed = 200 rpm, growth medium = LB. 
Data represent the mean and standard deviations of five replicates. 
Means with same letter are statistically identical (One way ANOVA 
with Tukey test, p<0.05) 
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Figure 3.20 The effect of incubation time on removal efficiencies (REs) of 
biodegradation by PCP-degrading bacterium. The experimental 
conditions: concentration of PCP = 100 mg/Kg, initial pH = 7, 
bacterial concentrations = 1，2 mL/1 g SMC (25 x 10^ cuf/ml), 
temperature 25土2�C, shaking speed = 200 rpm. Data represent the 
mean and standard deviations of five replicates. Means with same 
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Figure 3.21 The effect of shaking speed on PCP removal efficiencies (REs) of 
biodegradation by PCP-degrading bacterium. The experimental 
conditions: concentration of PCP = 100 mg/Kg, initial pH = 7, 
bacterial concentrations = 1 mL/1 g SMC (25 x 10^ cuf/ml), 
temperature 25+2°C, shaking speed = 200 rpm, incubation time = 4 
days. Data represent the mean and standard deviations of five 
replicates. Means with same letter are statistically identical (One way 
ANOVA with Tukey test, p<0.05). 
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rpm to 100 rpm. Further increase the shaking speed did not enhance the RE 
significantly. A shaking speed of 200 rpm was chosen as the optimum in order to 
provide better contact between biomass and pollutant. 
3.4.4.3 Effect of initial PCP concentration and inoculum size of 
bacterium 
REs and RCs of different PCP concentrations and different bacterial inoculum sizes 
are presented in Figure 3.22. RE was increased with increasing inoculum size but 
decreasing with increasing initial PCP concentrations. Meanwhile, RC was decreased 
with increasing inoculum size but increasing with increasing initial PCP 
concentration. An obvious increase was noted was both 10 mg/L and 50 mg/L PCP 
with an increase of inoculum size. Only a slight but statistically significant increment 
was observed at higher PCP concentrations with increasing biomass. PCP 
concentrations larger than 100 mg/L seemed to be inhibitory on bacterial growth. For 
all five initial PCP concentrations, complete removal was only attained at 10 mg/L 
PCP using 2 mL inoculum. Maximum inoculum size can only remove half of the 
initial PCP concentration at 300 mg/L PCR Maxima RCs were occurred at 0.1 mL 
bacterial inoculum within each concentration and maximaum RC was 1.16 mg 
PCP/mL at 300 mg/L PCP with 0.1 mL inoculum. 
3.4.5 Determination of breakdown products of PCP by 
PCP-degrading bacterium 
The GC-MS spectrum of breakdown products of PCP by PCP-degrading bacterium is 
shown in Figure 3.23 and the major breakdown compounds are presented in Table 
3.11. They were 2, 4-bis(l, 1 -dimethylethylphenol), 2, 3, 4, 6-tetrachlorophenol and 
hexadexanoic acid. 
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Figure 3.22 The effect of PCP concentrations and amounts of bacterial inoculum 
on PCP removal efficiencies (REs) of biodegradation by 
PCP-degrading bacterium. The experimental conditions: incubation 
time = 4 days, initial pH = 7, temperature 25土2°C, shaking speed = 
200 rpm, bacterial inoculum = 0.1-5 mL (25 x 10^ cuf/ml). Data 
represent the mean and standard deviations of five replicates. Means 
with same letter are statistically identical (One way ANOVA with 
Tukey test, p<0.05). 
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3.5 Biodegradation by fungus Pleurotus pulmonarius 
3.5.1 Growth curve of i? pulmonarius 
A growth curve of fungus P. pulmonarius is shown in Figure 3.24. A typical growth 
curve of microorganisms in batch culture was noted for this fungus. Lag phase was 
occurred at first three days after inoculation where no obvious growth was observed. 
Fungal cells in exponential growth were detected in day 4 to day 8 where maximum 
growth rate took place. At day 9 and afterwards, there was no significant increase of 
fungal dry mass statistically and thus described as the stationary phase. 
3.5.2 Optimization of PCP degradation by R pulmonarius 
3.5.2.1 Effect of incubation time 
Figure 3.25 shows the effect of incubation time on PCP degradation by fungus. REs 
and RCs were increased with increasing incubation time in the ordinary way. All PCP 
was removed and attained 100% RE after incubation for 9 days. Almost half of the 
PCP was reduced during 2-day incubation, followed with an even removal for the 
residual 7 days. Four-day incubation was selected as the optimal incubation time for 
further experiments (9 days were too long for remediation, 4 days were chosen for 
further optimization). 
3.5.2.2 Effect of shaking speed 
Result of shaking speed on PCP degradation by the fungus is shown in Figure 3.26. 
No significant significance was observed by changing the shaking speed from 0 rpm 
to 300 rpm statistically. Increasing shaking speed did not enhance better contact and 
PCP degradation by the fungus. Therefore, no shaking was provided for the latter 
experiments. 
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Figure 3.23 Breakdown products by PCP-degrading bacterium measured by 
GC-MS. Experimental conditions: concentration of PCP =100 mg/Kg, 
amount of colonized compost = 1 mL, incubation days = 4 days, 
shaking speed = 200 rpm. 
Table 3.11 Maj or breakdown intermediates of PCP by PCP-degrading bacterium. 
Compounds Retention time (minute) Similarity index 
(1)2, 4-bis(l, 1-dimethylethylphenol) 7.70 96 
(2) 2,3,4,6-tetrachlorophenol 8.13 98 
(3) PCP (Parental compound) 9.66 99 
(4) Methyl-ester hexadecanoic acid 10.95 95 
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Figure 3.24 Growth curve of P. pulmonarius. The experimental conditions: 
temperature 28±2°C, shaking speed =150 rpm, growth medium 二 CM. 
Data represent the mean and standard deviations of five replicates. 
Means with same letter are statistically identical (One way ANOVA 
with Tukey test, p<0.05). 
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Figure 3.25 The effect of incubation time on PCP removal efficiencies (REs) of 
biodegradation by P. pulmonarius. The experimental conditions: 
concentration of PCP = 100 mg/Kg, initial pH = 7, straw compost 
concentration = 1 g/1 g SMC (0.1991 g chitin/g compost), 
temperature: 28+2°C, shaking speed = 0 rpm, incubation time 二 4 
days. Data represent the mean and standard deviations of five 
replicates. Means with same letter are statistically identical (One way 
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Figure 3.26 The effect of shaking speed on PCP removal efficiencies (REs) of 
biodegradation by P. pulmonarius. The experimental conditions: 
concentration of PCP = 1 0 0 mg/Kg, initial pH = 7, straw compost 
concentration = 1 g/1 g SMC (0.2094 g chitin/g compost), 
temperature: 28+2°C, incubation time = 4 days. Data represent the 
mean and standard deviations of five replicates. Means with the same 
letter are statistically identical (One way ANOVA with Tukey test, 
p<0.05). 
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3.5.2.3 Effect of initial PCP concentration and inoculum size of fungus 
REs and RCs of different PCP concentrations and different fungal inoculum sizes are 
presented in Figure 3.27. RE was increased with increasing inoculum size but 
decreasing with increasing initial PCP concentrations. At the same time, RC was 
decreased with increasing inoculum size but increasing with increasing initial PCP 
concentration. Excluding 200 and 300 mg/L PCP concentrations, 100% RE attained 
in all concentrations studied. However, nearly 90% RE reached at those two 
concentrations. Higher PCP concentrations did not inhibit fungal degradation greatly 
as only 10% RE reduced. A rapid removal of PCP with 76% was observed at 10 
mg/L with 0.1 g inoculum while the other concentrations were removed more evenly 
with the increasing inoculum size. Maxima RCs were occurred at 0.1 g fungal 
inoculum within each concentration and maximum RC was 1.24 mg PCP/g at 300 
mg/L PCP with 0.1 g inoculum. 
3.5.3 Determination of breakdown products of PCP by P. 
pulmonarius 
The GC-MS spectrum of breakdown products of PCP by P. pulmonarius is shown in 
Figure 3.28 and the major breakdown compounds are presented in Table 3.12. They 
were 2, 6-dimethoxyphenol, 2, 3，4, 5-tetrachlorophenol and aliphatic esters/alcohols. 
3.5.4 Enzyme assays 
Figure 3.29 shows the specific enzyme activities of laccase and manganese 
peroxidase. Specific enzyme activities for both laccase and manganese peroxidase 
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Figure 3.27 The effect of PCP concentrations and amount of Pleurotus colonized 
compost on (a) PCP removal efficiencies (REs) and (b) removal 
capacities (RCs) of biodegradation by P. pulmonarius. The experimental 
conditions: initial pH = 7，temperature 28±2°C, incubation time = 4 
days, Pleurotus colonized compost = 0.1-5 g (0.2524 g chitin/g compost). 
Data represent the mean and standard deviations of five replicates. 
Means with the same letter are statistically identical (One way ANOVA 
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Figure 3.28 The mass spectrum of potential breakdown products of PCP by P. 
pulmonarius. Experimental conditions: concentration of PCP = 100 
mg/Kg, amount of colonized compost = 1 g，incubation days = 4 days, 
shaking speed = 0 rpm. 
Table 3.12 Major breakdown intermediates of PCP by R pulmonarius. 
Compounds Retention time (minute) Similarity index 
(1) 2,6-dimethoxyphenol 6.36 93 
(2) 2,3，4,5-tetrachlorophenol 8.14 99 
(3) PCP (Parental compound) 9.66 99 
(4) Methyl-ester pentadecanoic acid 10.05 95 
(5) Methyl-ester 9-hexaadecanoic acid 10.83 96 
(6) Methyl-ester hexadecanoic acid 10.93 98 
(7) n-Hexadecanoic acid 11.30 96 
(8) 14-Methyl hexadecanoic acid 12.09 97 
(9) 9, 12-Octadecadienoic acid 13.10 99 
(10) Hexadecanamide 14.64 93 
(11) 9-Octadecenamide 19.10 98 
(12) 2-Tridecen-l-ol 20.11 91 
(13) Methyl-ester nonadecanoic acid 21.21 92 
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Figure 3.29 Specific enzyme activities of (a) laccase and (b) manganese 
peroxidase during incubation with R pulmonarius with and without 
the presence of PCR Experimental conditions: initial pH = 7, straw 
compost concentration = 1 g/1 g SMC, temperature 28±2°C, shaking 
speed = 0 rpm. Data represent the mean and standard deviations of 
five replicates. Means with the same letter are statistically identical 
(One way ANOVA with Tukey test, p<0.05). 
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the presence of PCP or not. There were no significant differences on specific laccase 
activities between incubation with PCP and without PCP during incubation excluding 
day 2 where laccase activity in the presence of PCP was higher. Maxima activities 
were observed in day 4 to day 12 in both incubation with and without PCP. No 
significant differences were found in the specific manganese peroxidase activities 
between incubation with PCP and without PCP during the whole period of incubation. 
Maxima activities were noted in day 6 to day 12. 
3.6 Integration of biosorption by SMC and 
biodegradation by R pulmonarius 
3.6.1 Evaluation of PCP removal by an integrated system 
As P. pulmonarius had a better performance on PCP degradation (see Section 3.4.5.3 
& 3.5.2.3), it was used to evaluate the integration system with biosorption. 100 % 
removal efficiency was attained in the adsorption 1 mg/L PCP under the optimal 
conditions obtained in Section 3.5.2. The SMC after adsorption was harvested and 
inoculated with 5 g mushroom-colonized. The system was incubated for 4 days, and 
all PCP adsorbed on SMC was degraded by P. pulmonarius. 
3.6.2 Evaluation of toxicity by Microtox® assays 
SMC after adsorption inoculated with 5 g mushroom compost incubating for 4 days 
was under toxicity test using Microtox® assays. Results are shown Figure 3.30. The 
IC50 (%) in 5 min test of the treatment with the fungus (45.87%) was lowered to the 
same IC50 value as the negative control (42.57%) (no significant difference was 
found), and the values were 2-fold higher than the positive control (18.52%). The 
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value of IC50 for treatment with fungus (42.90%) was even higher than the negative 
control (33.80%) and also 2-fold higher than the positive control (18.72%). 
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Figure 3.30 (a) The Microtox® assay of pentachlorophenol after treatment by R 
pulmonarius. Experimental conditions: concentration of PCP = 1 0 0 
mg/Kg, initial pH = 7, straw compost concentration = 1 g/1 g SMC, 
temperature 28+2°C, incubation time = 4 days. Data represent the 
mean and standard deviations of five replicates. Means with same 




4.1 Physico-chemical properties of SMC 
SMC contains a high content of organic carbon (19.91 土 0.03o/o) (Table 3.1). SMC is 
rich in nitrogen, phosphorus and potassium (NPK) and other ions explaining the high 
conductivity (Tables 3.1，3.2 & 3.3). NPK are macro-nutrients for plants and can be 
employed as an organic fertilizer in agriculture such as organic fanning (Levanon & 
Danai，1997). These properties support the general recycling of SMC as a soil 
amendment or soil conditioner (Levanon & Danai, 1997). Table 3.3 shows the 
nutrients such as nitrate and sulphate which leach out from SMC. These components 
also make it ideal for use as fertilizer. According to the Solid Waste Management Act 
in the Commonwealth of Pennsylvania, U.S. in 1997, the amount of SMC used 
depends on its nutrient levels, heavy metal contents and other undesirable 
compounds such as phytotoxic compounds (Wei et al., 2000). Heavy metal contents 
such as mercury, cadmium were trace in amount or even undetectable in SMC (Table 
3.2). Physico-chemical properties of SMC of A. bisporus (Table 1.12) are quite 
different from that of P. pulmonarius. The latter one has higher organic matter 
content, potassium content and lower heavy metal levels. Thus, it would be more 
beneficial and safe to use SMC of P. pulmonarius as soil conditioner and 
bioremediating agent. The differences of these two types of SMC might be accounted 
by the different raw materials used for cultivating these two mushrooms, different 
composting procedures and different substrate-degradability potentials of these two 
mushrooms. SMC is comprised of about 25 % chitin and 3-fold higher before 
mycelium running. Chitin refers to a polymer of N-acetyl-D-glucosamine which is a 
major component of the fungal cell wall (Volesky, 1990; Lievremont et al., 1996) 
(Figure 4.1). It implies that the source of chitin content was contributed by the fungal 
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biomass. Studies showed that adsorption process was mainly due to the functional 
groups present on the adsorbent. From the information mentioned in Section 1.2.3.2， 
hydroxyl group (-0H) present on the chitin may be responsible for the PCP 
adsorption. Besides hydroxyl group on chitin, other functional groups were found on 
SMC itself (Figure 3.1 & Table 3.5), such as carbonyl group which may also provide 
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Figure 4.1 The chemical structure of chitin. 
4.2 Extraction efficiency and desorption efficiency of 
PCP 
For the following adsorption experiment, PCP was extracted from adsorbed SMC to 
calculate the RE and RC. Extraction efficiency using different pure solvents was 
investigated in order to extract the maximum amount of PCP. Methanol, hexane and 
dichloromethane which are commonly employed in PCP extraction are thus chosen 
in this assessment. The extraction efficiency of PCP by methanol was the highest 
(Figure 3.2). As mentioned in Section 1.1.2 and Table 1.1, PCP is water insoluble 
which is readily dissolved in organic solvents such as alcohol or in alkaline solution. 
Therefore, organic solvent and base solution can enhance PCP extraction or 
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desorption. In this experiment, organic solvent must be selected for PCP extraction as 
PCP extracted after adsorption was concentrated by rotary evaporation. But for the 
desorption, base solution was compared with the organic solvent (Figure 3.3). Pure 
methanol was still the best reagent for extraction or desorption of PCP. 
4.3 Batch biosorption experiment 
4.3.1 Effect of contact time 
PCP adsorption on SMC was equilibrated at 30 minutes with about 20% RE and no 
significant increase for prolonged incubation (Figure 3.4). As the definition of 
equilibrium defined by the USPEA is the minimal time required to establish a change 
of less than 5% of solute concentration (Viraraghavan & Slough, 1999), 30 minutes 
is the equilibrium time for PCP adsorption in my study. However, a slow step was 
not observed until 24-hour incubation. Second slow step is usually occurred after 
rapid initial step in most adsorption studies if it is a biphasic process (Robinson et al., 
1996; Viraraghavan & Slough, 1999; Wang et al., 2000). This step was not detected 
in this study. Therefore, PCP adsorption by SMC might be characterized as a 
single-phase process rather than a biphasic process. Such was supported by the best 
fit to linear curves during isotherm plots. Adsorption by initial step is mainly 
contributed by interparticle diffusion (surface diffusion) while second step is due to 
intraparticle diffusion. Thus, PCP adsorption by SMC was chiefly done by 
interparticle diffusion. Table 4.1 shows the equilibrium of PCP adsorption by 
different adsorbents. Equilibrium varies from minutes to hours for various adsorbents. 
Equilibrium for SMC to adsorb PCP takes only 30 minutes which is a relatively short 
time compared with the others. A rapid adsorption kinetic is more favorable and 
practical in real situation. SMC offers a favorable kinetic in adsorbing PCP which is 
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one of the criteria to be a good sorbent. It makes the adsorption process in an 
efficient and economic way with this advantage. In order to ensure sufficient time 
was provided for PCP adsorption, 2 hours was chosen as the optimum incubation 
time for all the following experiments. 
Table 4.1 Equilibrium time for PCP adsorption by various adsorbents. 
Adsorbent Equilibrium Reference 
Activated carbon 10 hours Robinson et al., 1996 
Peat-bentonite mixtures 8 hours Viraraghavan & Slough, 1999 
Activated sludge biomass 2 hours Wang et al., 2000 
Chitin A 1 hour Chan, 2002 
Mycobacterium chlorophenolicum 1.5 minute Brandt et al., 1997 
Spent mushroom compost 30 minutes This study 
of Pleurotus pulmonarius 
4.3.2 Effect of initial pH 
According to the results obtained, solution pH did play a significant role in PCP 
adsorption. Generally, the RE was increased with decreasing pH (Figure 3.5). Many 
studies also show that more PCP was adsorbed at lower pHs (Mollah & Robinson, 
1996a; Divincenzon & Sparks, 1997; Viraraghavan & Slough, 1999; Wang et al., 
2000). This phenomenon may be explained by the low dissociation constant (pKa) of 
PCP; it appears as neutral form at pH less than 4.74. At low pH, the presence of 
hydrogen ions on the surface of SMC might attract the negatively charged (6-) 
phenolic group on molecular PCP by van der Waals force (Jacobsen et al,, 1995; 
Calace et al,, 2002). However, negatively charged phenolate (PCP") might repel the 
SMC where negative charges were dominant at high pH. Moreover, increase of PCP 
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adsorption under low pH might be contributed by the surface properties possessed by 
SMC. The infra-red characteristic group frequencies for the stretching vibrations of 
functional groups found on SMC by FT-IR are C-H, C-0，C=0 and 0-H groups 
(Figure 3.1 & Table 3.5)，which might form hydrogen bond with the 0-H group 
presented on the molecular PCP at low pH. Although adsorption is favorable at low 
pH, adverse effect on the nature or damage of structure of the biosorbent has to be 
considered (Schiewer & Volesky, 2000). Viraraghavan & Slough (1998) examined 
the use of peat to adsorb PCP, they found that peat is unstable at pH below 3. 
Therefore, stability of biosorbent working under low pH should also be taken into 
consideration. Furthermore, it is reported that the hydrophobicity of PCP in neutral 
form is approximately five times more than that of ionized form (Smejtek & Wang， 
1993; Danis et al., 1998). This neutral form favors the adsorption by organic 
adsorbents such as SMC. From this point of view, RE is also increased with 
decreasing pH based on the consideration of adsorbability property of PCR 
Adsorption mechanism might attribute to the interaction between hydrophobic 
non-ionizable organic compounds (HNOCs) such as hydrophobic force (You & Liu, 
1996). 
It could be observed that at fairly high solution pH, i.e. 12, the RE of PCP was 
increased slightly, although it was reported a lower pH favors adsorption of PCP by 
the above considerations. Extreme pH may alter the chemical properties of adsorbent 
itself and contribute to the adsorption. Adsorption process is still a complex process 
with complicated interactions between adsorbent and adsorb ate or even within 
adsorbent or adsorb ate. Thus, unknown factors cannot be neglected and rejected. 
Nevertheless, quite a large range was noted on the REs of pH 2 and pH 12. It was 
worth modifying the solution pH by adding acid as the highest RE obtained was 
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4-fold higher than the lowest REs. Therefore, pH 2 was selected as the optimal pH 
for PCP adsorption by SMC. 
4.3.3 Effect of shaking speed 
A simple way to enhance adsorption is by shaking. Generally, RE was increased with 
increasing shaking speed. But the extent of increase may depend on the nature of the 
adsorbent. A more significant increase may be observed for a bulkier adsorbent. In 
this study, a gentle increase of REs from 0 rpm to 200 rpm was noted and no 
facilitation was made from 200 rpm to 350 rpm (Figure 3.6). Thus, 200 rpm was 
chosen as the optimal shaking speed. 
4.3.4 Effect of incubation temperature 
Study on the effect of incubation temperature can give an insight into the bonding 
linked between the SMC and PCP (Figure 3.7). RE was decreased generally with 
increasing incubation temperatures. It was also true for adsorption by activated 
carbon (Robinson & Mollah, 1996a). Highest RE was attained at 4 � C while that of 
45°C was the lowest. It could be explained by the reference information in Section 
1.3.3.6 and speculation made in Section 5.2.2. It was proposed that physiochemical 
forces such as hydrogen bonding might be involved in the PCP adsorption by SMC. 
Hydroxyl groups of the molecular PCP formed hydrogen bonding with the functional 
groups determined on the surface of SMC such as hydroxyl, carbonyl, carboxyl and 
alkane group. The force responsible for hydrogen bonding is weak van der Waals 
force and characterized as physical adsorption. According to the characteristics of 
physical adsorption (Dabrowski, 1999), it implies that PCP adsorption by SMC is an 
exothermic process and the extent of adsorption depends on temperature with 
increasing adsorption at lower temperatures. It is also a reversible process as the 
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energy provided by high temperatures may break the weak hydrogen bond and leads 
to lower adsorption. 
In the range of temperatures tested, 25°C was selected as the optimal temperature for 
latter experiment although RE at 4°C was the highest. In practical use, biosorption 
employed under room temperature is more economic and feasible, and it is not worth 
gaining less than 10% RE by reducing the temperature to 4°C. 
4.3.5 Effect of initial PCP concentration and amount of 
biosorbent 
From the results obtained, higher RE and RC were attained with increasing PCP 
concentration (Figure 3.8) and coincides with previous studies (Wang et al” 2000; 
Chan, 2002). This might be due to higher probability of contact between SMC and 
PCP as mentioned in Section 1.6.3.5. Higher PCP concentration provides greater 
concentration gradient between adsorbent and adsorbate and facilitates diffusion 
(Masel, 1996). Some differences were found in changing of the amount of SMC on 
RE and RC. Increasing SMC amount increased RE as more PCP could be adsorbed. 
Theoretically, RC should not be changed regardless of the amount of adsorbent. It is 
expected that the ratio of amount of PCP adsorbed per unit mass of SMC (RC) ought 
to be kept constant. However, in most cases, including this study, RC was decreased 
with increasing SMC amount. RC increased steeply at low SMC concentration but 
leveled off at high SMC concentration. The decline in RC might be due to the 
unsaturation of binding sites on SMC. Interactions between adsorbed PCP and free 
PCP in solution and the differences in pore size affect the affinity of the sorbates may 
also limit further adsorption (Watson, 1999). 
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4.3.6 Reuse of SMC 
No significant change of RE on PCP removal was observed after five times of reuse 
of SMC (Figure 3.9). It was reported that the functional groups present on the surface 
of adsorbent are responsible for the PCP adsorption (Dabrowski, 1999). Also the 
proposed functional groups attributes to PCP adsorption were still present on the 
reused SMC (Figure 3.10). SMC was still effective even after 5 cycles of adsorption 
and desorption without degeneration. SMC is highly available and it is not worth 
reusing it using large amount of solvent. However, one of the criteria in choosing a 
good sorbent is the feasibility of regeneration. Compared with regeneration 
procedure and cost of activated carbon, regeneration of SMC is more simple and 
economic. Thus, SMC fulfills the requirement of regeneration to be a good 
adsorbent. 
4.3.7 Modeling of biosorption 
The data from adsorption was transformed into two common monolayer adsorption 
models in order to characterize the biosorption behavior of PCP by SMC. The best-fit 
equations transformed of both models were according to the equations stated in 
Section 1.3.3.8. As the correlation coefficient (r^) of Freundlich isotherm model is 
higher than that of Langmuir isotherm model (Table 3.6 & 3.7). PCP adsorption by 
SMC was better described by Freundlich model rather than Langmuir model. 
Therefore, only the Freundlich constants were calculated and discussed. Two 
constants, adsorption capacity (k) and adsorption intensity (n) are obtained to reveal 
the biosorption characteristics. The adsorption capacity indicates the relative amount 
of sorbates that can be adsorbed by the sorbent (Lau, 2000; Chan, 2002). While the 
magnitude of adsorption intensity reflects the suitability of the system (Tsui, 2000; 
Chan, 2002), it was suggested that the adsorption system was under the favorable 
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conditions when the value of n is greater than one (Scott & Karanjkar, 1995). 
Meanwhile, large value of n may also indicates the difficulty in desorbing sorbates 
from adsorbent. From the values of k and n calculated (Table 3.7)，there was no 
relationship between the PCP concentrations and the constants. Thus, the values of 
the constants were independent of the PCP concentrations. The highest value of k 
was yielded in 50 mg/L PCP concentration. However, value of n was smaller than 
one and unfavorable for adsorption (When compared with activated carbon, the high 
k was obtained when n was < 1). The second best value of k was found in 20 mg/L 
PCP and used for comparison with the Freundlich constants of other adsorbents 
(Table 4.2). Among the adsorbents，SMC shows the best value of k. This means that 
SMC has the highest capability to adsorb PCP. Thus it seems that at alkaline pH， 
activated carbon and inactivated bacterial biomass could be used for sorption 
removal of PCP. In acidic range, SMC has the greatest potential and better than those 
of chitin and chitosan (Table 4.2). 
Based on the assumption of Freundlich model stated in Section 1.6.4.2, the surfaces 
of the adsorbents are energetically heterogeneous as the binding sites are distributed 
on energetically different levels (Dabrowski, 1999). This assumption is in good 
agreement with the decreased RC with increasing SMC amount. As the binding sites 
are in different energetic levels, energy required for adsorbing molecules may not be 
the same. Higher energy was required to adsorb a new PCP molecule on SMC, and 
RC was thus decreased. Nevertheless, an adsorption system may not be the best 
described by only one isotherm model (Dabrowski, 1999; Watson, 1999). 
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Table 4.2 Freundlich constants of PCP adsorption by different adsorbents 
Experimental 
Adsorbent k n Reference 
condition 
Anaerobic granular sludge 35�C 2.47 1.47 Kennedy et al., 1992 
Mycobacterium chlorophenolicum 
Inactivated 30°C 0.48 1.37 Brandt et al, 1997 
Inactivated 30°C 3.88 1.37 Brandt et al, 1997 
Granular activated carbon 30°C 2.28 0.17 Robinson et al, 1996 
Sludge biomass (dead) 25�C 0.03 1.37 Wang et al., 2000 
Chitin 25°C 0.01 1.20 Rhee et al, 1998 
Chitosan 25°C 0.04 1.12 Rhee et al, 1998 
SMC (10 mg/L PCP) 25�C 3.97 1.15 This study 
SMC (50 mg/L PCP) 25�C 5.93 0.65 This study 
SMC (100 mg/L PCP) 25�C 1.67 0.53 This study 
k, adsorption capacity; and n, adsorption intensity. 
4.4 Biodegradation of PCP by PCP-degrading 
bacterium 
4.4.1 Isolation and purification of PCP-degrading bacterium 
Mushroom compost and spent mushroom compost consist of a large and 
heterogeneous population of microorganisms that are able to degrade various organic 
pollutants including PCP (Laine & Jorgensen, 1996; Ching, 1997; Webb et al., 2001; 
Semple et al., 2002). Cellulomonas sp. and Saccharomonospora virdis have been 
isolated from mushroom composts and shown degradative ability against PCP (Ching, 
1997; Webb et al., 2001). Bacteria were first isolated from SMC on PCP-containing 
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medium to screen out PCP-tolerant bacterium. The best PCP-tolerant bacterium 
(Figure 3.13) was proceeded to identification and PCP-degrading test. 
4.4.2 Identification of the isolated bacterium 
To start with the bacterial identification, a pure culture must be obtained by repeated 
streaking of a colony on agar plate. The best PCP-tolerant bacterium was identified 
using biochemical, chemotaxonomic and phylogenetic approaches. Methods 
employed are carbon source utilization (Biolog Microlog System), fatty acids profile 
(MIDI Sherlock Microbial Identification System) and 16S rDNA sequencing 
correspondingly. In order to obtain a reliable result, different aspects of identification 
methods were chosen. Serratia marcescens was identified as the best match in 16S 
rDNA sequencing and Biolog Microlog System (Table 3.8 & 3.9). Cedecea davisae 
was the best matched and seconded by Serratia marcescens based on its fatty acids 
profile (Table 3.10). Among the three identification methods, gene sequencing is 
regarded as the most reliable one, the most expensive but takes moderate amount of 
time for experimentation. Cellular fatty acid composition can be changed by 
physiological and/or environmental conditions. Population heterogeneity is noted in 
carbon utilization tests. 16S rDNA sequencing is a promising technique to identify 
bacteria, further confirmation has been made in this study by Biolog Microlog 
System. However, different result was obtained from MIDI Sherlock Microbial 
System. The fatty acid composition of bacteria is dependent on the growth phase, 
temperature and growth medium and this is one of the disadvantages using this 
method (Busse et al., 1996). As the fatty acid profiles of C. davisae and S. 
marcescens are quite similar, further biochemical tests were carried out to distinguish 
them. Hydrolysis of gelatine was employed where C. davisae and S. marcescens 
would give negative and positive result in this test (Krieg & Holt, 1984). Result of 
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test gave positive (negative result was solidified whereas positive result remained 
fluid) and thus it implied that the PCP-degrading was S. marcescens (Figure 4.2). S. 
marcescens is a gram-negative straight rod with rounded end bacterium. Colonies are 
either white, pink or red in color depends on incubation medium. Almost most strains 
can grow at temperatures between 10 and 36�C, at pH 5-9 (Krieg & Holt, 1984). 
4.4.3 Optimization of PCP degradation by PCP-degrading 
bacterium 
4.4.3.1 Effect of incubation time 
An interesting curve of PCP degradation by S. marcescens was observed; an initial 
30% PCP was degraded within 2 days followed by a stationary phase with no PCP 
degradation until day 9, another 50% PCP was further removed at day 14 (Figure 
3.20). It is usually seen that PCP degradation started with a lag phase followed by a 
gradual increase in RE (Webb et al., 2001). Results of PCP metabolism by 
Saccharomonospora viridis isolated from mushroom compost by Webb and his 
colleagues (2001) showed that there was a corresponding lag period of at least 2 days 
before PCP disappearance was first observed followed by a rapid removal of 94% at 
day 7. This demonstrated that S. marcescens did not require a lag phase during which 
PCP metabolism is induced or initated. In order to verify the PCP degradation was 
due to the inoculated isolate rather than other microbes caused by contamination, the 
experiment was repeated. The result was reproducible. The content of the reaction 
mixture was extracted and spread over an agar plate. It was found that one type of 
colony morphology identical with that of S. marcescens was detected in the system 
during the 14 days incubation. Thus S. marcescens was not killed but was alive. The 
lengthy stationary phase might be caused by the generation of toxic intermediates 
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Figure 4.2 Photos of (a) front view and (b) side view of the results of hydrolysis 
of gelatine of negative control (right) and sample (left). 
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when toxic intermediates might be degraded spontaneously. Most intermediates are 
unstable in nature, degeneration by mechanisms such as photolysis, autooxidation 
was possible. RE was dependent on the inoculum size of bacterial biomass but not in 
the pattern of degradation. Provision of favorable condition allowed residual PCP to 
be continuously removed. Bioremediation is a relatively slow process and usually 
requires weeks or even months to complete (Alexander, 1994; Crawford & Crawford, 
1996). 
4.4.3.2 Effect of shaking speed 
The reaction mixture was at a slurry state. Shaking provided better contact between 
bacterial biomass and PCP-contaminated SMC and better bacterial growth. RE was 
facilitated by shaking but only to a certain extent (Figure 3.21). A significant increase 
was found in changing shaking speed from 0 rpm to 100 rpm. Further increase did 
not enhance RE. Nevertheless, 200 rpm was selected as the optimal shaking speed as 
it ensured the slurry under entire mixing. 
4.4.3.3 Effect of initial PCP concentration and inoculum size of 
bacterium 
REs were increased with increasing inoculum size and decreasing PCP 
concentrations (Figure 3.22). Increasing the PCP concentrations from 10 to 300 mg/L 
did significantly affect PCP removal. Removal efficiency was reduced from complete 
removal to only 40%. Toxic effect received by Serratia marcescens was obvious 
between 10 and 50 mg PCP/L as 20% RE was reduced. Compared with the REs of 
100 to 300 mg PCP/L, only slight differences were found among them. Similar 
pressure was received and Serratia marcescens was insusceptible to that range of 
PCP concentrations. It was reported that the growth of PCP-degrading bacterium 
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Saccharomonospora viridis isolated from mushroom compost was completely 
inhibited at concentration higher than 20 mg/L (Webb et al., 2001). Serratia 
marcescens is more tolerant to PCP than Saccharomonospora viridis, which could 
even survive at 300 mg PCP/L. Thus, Serratia marcescens can work under a wide 
range of PCP concentrations and being less limited on the high PCP concentrations. 
Increasing inoculum size resulted in increasing REs. This phenomenon was apparent 
in low PCP concentrations such as 10 and 50 mg PCP/L, but it was not the case in 
100 to 300 mg PCP/L. Only 10% REs were increased by increasing 10-fold 
inoculum size. PCP degradation might be saturated and further increase the inoculum 
size did not affect the removal significantly. PCP concentrations higher than 100 
mg/L did exert toxic effect on S. marcescens and inhibited PCP degradation 
significantly. 
4.4.4 PCP degradation pathway by S. marcescens 
From the main compounds found in PCP degradation by S. marcesens (Table 3.11), 
PCP was probably undergone dechlorination initially to form tetrachlorophenol by 
reductive dehalogenase. Then, it was methylated to generate butylated hydrotoluene 
(2，4-bis(l, 1 -dimethyl)-phenol). This aromatic intermediate produced would further 
undergo oxidation and ring cleavage to from long chain compounds such as 
methyl-ester hexadecanoic acid which has undergone polymerization by oxidative 
C-0 and C-C coupling (Hublik, & Schinner, 2000; Law et al., 2003). This proposed 
pathway differs from those of other PCP-degrading bacteria, which usually 
hydrolytically dechlorinated to form tetrachlorohydroquinone at the beginning step. 
Finally 3-oxadipate was produced to further be mineralized into the TCA cycle 
(McAllister & Trevors, 1996). One step that was absent in the other PCP-degrading 
bacteria was methylation which provided substrate for oxidative attack to be ring 
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cleaved and formed aliphatic straight chain. However, it could not be proved that 
PCP was mineralized by S. marcescens. 
4.5 Biodegradation of PCP by Pleurotus pulmonarius 
4.5.1 Optimization of PCP degradation by R pulmonarius 
4.5.1.1 Effect of incubation time 
Unlike S. marcescens, PCP degradation by P. pulmonarius showed a single-phase 
behavior (Figure 3.25). PCP was removed gradually and completely degraded at day 
9. However, some studies on PCP degradation by fungus Phanerochaete 
chrysosporium exhibited a biphasic process. Initial rapid degradation of PCP was 
observed, followed by a slower elimination phase (Lamar et al., 1990b; Holroyd & 
Caunt, 1998; Mendoza-Cantu et al., 2000). This phenomenon is probably associated 
with the availability of PCP to fungal attack. At the beginning, PCP concentration 
was greater favoring fungal attack, but reduced PCP availability slowed down the 
process (Mendoza-Cantu et al., 2000). 90% PCP was removed rapidly by 
Phanerochaete chrysosporium at the first 4 days, and complete removal occurred 
until day 11 (Mendoza-Cantu et al., 2000). Performance of metabolism was also 
associated with the media of contamination (solid phase is more obvious), prolonged 
second phase might be due to the increased retention of PCP to the solid phase. 
Magnitude of retention is usually expressed as Koc (organic carbon partitioning 
coefficient), which is used to measure a material's tendency to adsorb to soil/organic 
matter/sediment, values of Koc larger than 2.7 significant adsorption (www.epa.gov.). 
Generally, PCP has a relatively strong retention on soil (Koc 二 3.6). Consideration 
should also be taken on the soil types, pH and organic matter content 
(Mendoza-Cantu et al., 2000). Therefore, PCP adsorption on SMC favored fungal 
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degradation as the intensity of PCP adsorbed on SMC was not prevented from the 
fungal attack. From other point of view, inoculation of P. pulmonarius colonized 
compost on the PCP-contaminated SMC was spawned over the PCP which was 
spiked and distributed evenly in an artificial system. Theoretically, PCP was 
degraded where mycelium colonized. All PCP should be disappeared provided that 
mycelium has been run through the SMC and enough time for enzymes to act on it. 
The trend of PCP removal was close to this assumption. PCP was degraded gradually 
along incubation time and complete removal was observed when mycelium has been 
run through the SMC. 
4.5.1.2 Effect of shaking speed 
P. pulmonarius colonized compost was cultured in a solid-state system. Shaking did 
not enhance the PCP removal (Figure 3.26). Shaking is important for liquid or 
semi-liquid culture which provides better contact. Culture of P. pulmonarius in a 
liquid-state medium also required shaking to facilitate growth. But it was not 
observed in treating the PCP-contaiminated SMC by the fungus in contrast to the 
bacterial system, presumably as the fungus spread by mycelial growth efficiently 
through the porous solid matrix. Considering from the economic point of view, it is 
an advantage as no expense on shaking is required. 
4.5.1.3 Effect of initial PCP concentration and inoculum size of fungus 
Generally, REs were increased with increasing amounts of Pleurotus colonized 
compost and decreasing PCP concentrations (Figure 3.27). The effect of PCP 
concentrations was not apparent at great size of inoculum but obvious at small size. 
The RE of 10 mg PCP/Kg was 2-fold higher than that of 50-300 mg PCP/Kg using 
0.1 g inoculum but differences of REs were insignificant for 50-300 mg PCP/Kg. 
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While employing 5 g inoculum, complete removal was observed for 10-100 mg 
PCP/Kg and 80% REs were attained for 200 and 300 mg PCP/Kg. No significant 
inhibition on the growth of P. pulmonarius was found and nor PCP degradation. It 
was suggested that the obvious difference between 10 and 50-300 mg PCP/Kg was 
due to incomplete spawning of mycelium through the SMC in such a low amount of 
inoculum rather than retardation of mycelium growth. From the observation, 
complete spawning has not been attained within 4 days incubation. Therefore, 
enough Pleurotus colonized compost to ensure complete spawning was important to 
guarantee complete removal. This postulation was supported by the evidence that 
increasing the amount of inoculum did show significant increase in REs for all PCP 
concentrations studied. 
4.5.2 Enzyme activities 
During the incubation of P. pulmonarius in the presence of PCP or not, enzyme 
activities were monitored (Figure 3.29). It was realized that P. pulmonarius possess 
ligninolytic enzymes, i.e. MnP and laccase, which can degrade PCP (Bumpus, 1998) 
and has been mentioned in Section 1.3.2. Enzymes activities were monitored along 
with the incubation of P. pulmonarius, it was found that the MnP and laccase 
activities bore a similar trend with PCP degradation (Figure 3.25). Both enzyme 
activities were generally increased along with the incubation time. Increase in PCP 
removal was accompanied by an increase of enzymes production. It was suggested 
that PCP degradation by P. pulmonarius might be attributed by the enzyme activities 
of laccase and MnP. However, no significant differences of enzyme activities were 
found between batches incubated with PCP and without PCR Production of enzymes 
might not be induced by the presence of PCR It might only associate with the 
growing of biomass only. 
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4.5.3 PCP degradation pathway by P. pulmonarius 
Breakdown compounds of PCP degradation by P. pulmonarius were quite similar 
with that of S. marcesens and so as the degradation pathway (Table 3.11). PCP was 
first dechlorinated to generate tetrachlorophenol at the meta position instead of ortho 
position in S. marcesens. After all chlorines have been removed, it was undergone 
methylation to form 2，6-dimethoxyphenol to provide a substrate for the peroxidase 
to oxidize to cation radicals. Then, further oxidation and ring cleavage yielded 
various aliphatic compounds (e.g. methyl-ester pentadecanoic acid, methyl 
hexadecanoic acid) by polymerization. Degradation of chlorophenols by other flingi 
was mainly by forming hydroquinone and benzoquinone by oxidative dechlorination 
and finally generated malonic acid and subsequently mineralized into carbon dioxide 
(Valli & Gold, 1991). 
4.6 Comparison of PCP degradation between S. marcescens 
and P, pulmonarius 
It is difficult to make a comprehensive comparison on the performance of PCP 
degradation between S. marcescens and P. pulmonarius as they come from two 
different kingdoms and possess different physiological characteristics. Their behavior 
on PCP degradation can still be investigated. 
For their PCP degradation kinetics, S. marcescens required a lengthy stationary phase 
to further degrade PCP whereas a simple single-phase was offered by R pulmonarius. 
Provision of shaking was necessary to enhance RE in a bacterial incubation but no 
effect on fungus and this advantage can lower the treatment cost if applied. S. 
marcescens was believed to be inhibited by PCP at high concentrations (effect of RE 
was insignificant by increasing inoculum size) but performance of PCP degradation 
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by P. pulmonarius was not greatly influenced at high PCP concentrations. From the 
results of identification of PCP-degrading bacterium, it was recognized as S. 
marcescens. Unfortunately, safety precautions are required during the experiment as 
this species is associated with lung disease. Sterilization process is also unavoidable 
before disposal. Comparison of PCP degradation between S. marcescens and P. 
pulmonarius from the results of optimization is summarized in Table 4.3. 
Table 4.3 Comparison of PCP degradation conditions between S. marcescens 
and P. pulmonarius. 
S. marcescens P. pulmonarius 
RE of PCP in 14 days 83.21+1.92 % 100.00±0.00% 
incubation 
Shaking speed for best 100 rpm Orpm 
performance 
Batch(es) with 100% RE 10 mg PCP/mL 10 mg PCP/Kg by 0.5 g 
by 2 mL inoculum; 50 mg PCP/Kg by 2 g 
inoculum inoculum; 100 mg PCP/Kg by 5 g 
inoculum 
From the results of both qualitative and quantitative comparison between S. 
marcescens and P. pulmonarius on PCP degradation, P. pulmonarius was selected for 
latter part of experiments under the consideration of efficiency, economy, feasibility 
and safety. 
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4.7 Integration of biosorption by SMC and 
biodegradation by P. pulmonarius 
An integration of sorption removal of PCP from liquid system and biodegradation to 
cleanup the concentrated but PCP-contaminated SMC was assessed. The optimized 
conditions (Table 4.4) in both parts of the experiments were employed in this 
section. 
Table 4.4 Selected conditions for integration system of biosorption and 
biodegradation. 
Biosorption by SMC Biodegradation by P. pulmonarius 
Incubation time 2 hours 4 days 
Initial pH pH2 pH 7 
Incubation temperature 25+2°C 28+2°C 
PCP concentrations 1 mg /L PCP 100 mg/Kg PCP 
Inoculum size 1 g 5 g 
All PCP was adsorbed by SMC in the adsorption experiment; biosorbent harvested 
was then inoculated with P. pulmonarius for biodegradation. No PCP residues were 
found after 4 days incubation. Based on the results, it is feasible to remove and 
degrade PCP by the integration system of biosorption and biodegradation. 
4.8 Evaluation of toxicity by Microtox® assay 
Microtox® test is a popular assay to evaluate the toxicity of samples on Vibrio fisheri 
as it possesses a lot of advantages (Cauntu et al., 2000). The standardized test is high 
precision, reproducible and reliable. Furthermore, the test is so fast that results can be 
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obtained with a short period of time, i.e. 5 to 15 minutes. From the results obtained 
(Figure 3.30)，the leached PCP as well as the other materials on the SMC might 
contribute for the toxicity. It can be seen that the results of IC50-5 min after 
treatment was the same as that of SMC. For the IC50-15 min, the value of treatment 
sample was also higher than that of the SMC. As the higher the value of IC-50, the 
lower the toxicity is. It indicates that biodegradation by P. pulmonarius could 
detoxify PCP and the toxic materials presented on the biosorbent. Thus, the 
biosorbent after treatment was safe to be disposed. 
4.9 Comparison of PCP removal by integration 
system of sorption and fungal biodegradation 
and conventional treatments 
Conventional treatments for PCP removal from liquid medium mainly are adsorption 
over activated carbon followed by incineration and advanced oxidation processes. 
However, high cost of treatment is usually the drawback of the system. Biosorption 
and biodegradation are two core streams of bioremediation. Biosorption is actually 
developed from the adsorption process employing natural adsorbents instead of 
synthetic one to reduce the cost. In this study, SMC was proposed to be a biosorbent 
to remove PCP from water system. According to the results, its performance in terms 
of the adsorption capacity was superior to other biosorbents or even activated carbon. 
Its cost is nominal and highly available, and the preparation of SMC to be a 
biosorbent is simple compared with production of chitin from shrimp shell which is 
another popular biosorbent. Post-treatment is the principal consideration after 
adsorption process. Adsorption over activated carbon is limited to incineration or 
landfilling. Adsorption by SMC was integrated to the fungal degradation where PCP 
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could be completely removed under optimized conditions. The limitations possessed 
by adsorption and biodegradation can be complemented by the integration of both 
systems. Whole process is economic, no reagent, energy and instrument are required 
which cannot be offered by the conventional treatments. 
4.9 Further investigations 
It is realized that PCP removal by the two-way steps, biosorption by SMC and fungal 
biodegradation, is feasible. Further investigations are important to increase the 
applicability of this system. Firstly, the main goal of handling organic pollutants is 
mineralization. Mineralization of PCP by P. pulmonarius was not detected in this 
study, confirmation of this ability by respirometer measuring mineralization can 
make the system more feasible without the consideration of toxic dead-end products 
(Semple et al., 2002). Secondly, it would be more applicable in the dynamic 
condition as it can handle large amount of wastewater in a smaller area. This can be 
done by flowing the wastewater into a column where SMC was immobilized (Kao et 
al,, 2000). Further study on the removal efficiency and optimization of operation 
parameters such as flow rate and loading rate should be done (Koran et al., 2001). 
Thirdly, investigation at the pilot scale is recommended to test the integration system 
to real situation. As there is not only one pure pollutant present in the natural 
environment, the presence of other organic or inorganic substances may inhibit the 
removal of PCP in either adsorption or biodegradation process. For instance, 
dibenzo-p-dioxins and dibenzofurans also originated from the wood preservative 
other than PCP (Laine et al, 1997). Interaction between dioxins and PCP or SMC 
may influence the RE for adsorption as well as the fungal degradation exerted by the 
synergistic toxicity of mixture of compounds. Thus a study on removal capabilities 
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towards mixture pollutants is required. 
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5. Conclusion 
In the present study, the target pollutant pentachlorophenol (PCP) was treated by an 
integration system of biosorption by SMC followed by fungal degradation of P. 
pulmonarius. The results of these two parts of experiments were summarized below. 
1. Batch adsorption experiment: 
a. PCP removal by SMC showed a single-phase process with maximum 
adsorption within 30 minutes. No significant increase for prolonged 
incubation. 
b. RE of PCP increased under acidic condition as PCP appeared as its 
molecular form when pH under 4.74 which facilitated adsorption on 
organic substance such as SMC. 
c. Higher shaking speed resulted in better PCP adsorption due to better 
contact between PCP and SMC. 
d. PCP adsorption increased with decreasing temperatures. It implies 
that PCP adsorption by SMC was contributed by weak hydrogen 
bonding and this bond was being broken at high temperature. On the 
other hand, desorption was enhanced at high temperature. 
e. Increasing the PCP concentration showed higher RE and RC as higher 
probability of collision between PCP and SMC. But increasing the 
SMC amount showed higher RE only but not RC. 
f. There was no significant difference on RE and SMC structure after 5 
cycles of sorption-desorption process. 
g. PCP adsorption on SMC showed a better fit to Freundlich adsorption 
isotherm than Langmuir one. PCP was adsorbed on a heterogeneous 
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surface. 
11. Biodegradation by PCP-degrading bacterium and fungus P. pulmonarius 
a. PCP-degrading bacterium was isolated from SMC and identified as S. 
marcescens. Inoculation of bacterium showed 80% PCP removal after 
treatment for 14 days. 
b. Higher shaking speed enhanced contact of bacterial biomass and PCR 
c. Increasing bacterial inoculum size showed higher RE but not 
significantly in higher PCP concentrations as there might be inhibition 
on the bacterium. 
d. Butylated hydrotoluene, 2, 3, 4, 6-tetrachlorophenol and methyl-ester 
hexadecanoic acid were the major intermediates of PCP degradation 
by S. marcescens, 
e. R pulmonarius in the form of colonized compost completely removed 
PCP after 9-day incubation. 
f. PCP removal by P. pulmonarius was independent of the shaking 
speed. 
g. Increasing the amount of colonized compost increased the RE 
significantly. Higher PCP concentrations did not affect greatly on the 
P. pulmonarius as well as the RE of PCP for the PCP concentrations 
tested. 
h. 2，6-dimethoxyphenol and 2, 3, 4, 5-tetrachlorophenol were main 
intermediates found in PCP by P. pulmonarius degradation. 
According to the performances on PCP degradation by the PCP-degrading bacterium 
and P. pulmonarius, the latter one worked better on it and chosen for integration 
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experiment. P. pulmonarius was able to degrade PCP completely on the SMC 
harvested after adsorption. It implies that PCP adsorption from water system 
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